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Scanned beam technology is highly desired in numerous display and imaging applications. A 
high quality display or imaging system based on scanned beam technology requires laser 
scanners with large aperture size, large optical scan angle and high scanning frequency. 
Microelectromechanical systems (MEMS) technology based micromirror laser scanners 
enabled the possibility of high frequency operations but its optical performance will degrade 
during high speed scanning due to non-rigid body dynamic deformation. An alternative laser 
scanning scheme, which utilize in-plane rotation of a diffraction grating rather than 
out-of-plane deflection of a reflective surface, is then proposed to overcome the performance 
limitation of the micromirror laser scanner at high frequency region. 
 
This dissertation presents the working principle, design, modeling, fabrication and 
characterization of several novel MEMS vibratory grating laser scanners for high speed 
scanned beam display and imaging applications. The major achievements during the 
development are summarized as the follows: 
 
High optical efficiency (around 80%) is achieved (close to that of a coated scanning mirror) 
using simple binary sub-wavelength gold-coated diffraction gratings with TM-polarized 





The in-plane rotation of the diffraction grating platform can be generated directly by 
electrostatic circular combdrive actuator or indirectly by two-degree-of-freedom (2-DOF) 
resonators. The electrostatic comb-driven 2-DOF lateral-to-rotational resonator, which 
couples the translational motion of two or more micro resonators to the rotational motion of 
the diffraction platform, is developed. This driving scheme overcomes the travel range 
limitation of the micro actuators. A high speed vibratory grating scanner driven by 2-DOF 
lateral-to-rotational resonator with 1mm aperture is capable of scanning at 50192Hz with an 
optical scanning angle of 14.1°. 
 
To increase the mechanical rotation angle of the diffraction grating, the electrostatic 
comb-driven 2-DOF circular resonator is developed. Compared with 2-DOF 
lateral-to-rotational (LTR) resonator, the 2-DOF circular resonator is capable of increasing 
total stiffness of the suspensions without inducing excessive stress, thus ensuring large 
in-plane rotation angle at high scanning frequency. The prototype scanner with 1mm aperture 
size is capable of scanning at 20289Hz with a scanning angle of 25°. 
 
To further increase the optical performance, the double-layered configured grating scanner, 
where the grating platform and the driving actuator are located in different planes, is 
developed. It is capable of increasing the aperture size and scanning angle simultaneously. 
The prototype double-layered scanner with a 2mm aperture is capable of scanning at 21591Hz 
with an optical scan angle of 33.5°. The corresponding optical resolution is 1460 pixels per 
XI 
 Summary 
unidirectional scan and the scanned beam quality is proved to be good by using stroboscopic 
method and lateral shear interferometer. 
 
Synchronized motion of multiple gratings is required for multi-wavelength collinear scanning 
applications. A mechanically synchronization scheme with frequency tuning mechanism is 
developed. The synchronized laser scanning by two diffraction gratings is experimentally 
demonstrated by the prototype scanner. 
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Chapter 1 Introduction 
 
1.1 Introduction to laser scanning technology 
Laser scanning ― a technology for image generation and acquisition ― has been widely 
implemented in numerous applications in various fields including manufacturing, medicine, 
military hardware, information and communication systems. These applications include but 
are not limited to, raster-scanning laser projection displays/TVs for consumer markets [1-5]; 
laser scanning confocal microscopes [6-10] and optical coherence tomography (OCT) 
endoscopes [11-17] for biomedical and healthcare applications; laser printers for the computer 
industry [18]; terrestrial laser scanning for 3D visualizations and modeling [19]; laser barcode 
readers [20] and laser scanning 3D (three dimensional) imaging LIDAR (laser detection and 
ranging) for unmanned ground vehicles [21] and laser material processing for rapid 
prototyping [22].  
 
Many of these applications require both high-speed and high-resolution scanning. As an 
example, consider the laser-scanning projection display/TV system shown schematically in 
Figure1.1. As shown, beams from three laser sources with different wavelengths (Red, Green, 
and Blue) are combined to form a beam of white light, which is scanned rapidly across a 
projection screen. The system typically employs one biaxial or two uniaxial optical scanners 
where the horizontal scanner is operated at resonance, and the vertical scanner is driven by a 
saw-tooth waveform. The combined motions of the two scanners create a 2D sinusoidal raster. 
Images are created by modulating the intensities of the light sources according to the beam 
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position. This laser scanning projection display technology generates displays with a very 
wide color gamut of up to twice the range of colors that existing plasma and LCD TVs can 
offer. In addition, it is power efficient, bright, and can maintain full power output for the 
lifespan of the laser, resulting in a picture that does not progressively degrade over time 
compared to current plasma and LCD technology. This system is hailed by its developer as 
the next revolution in visual technology.  
 
 
Figure 1.1 Schematic illustration of raster-scanning laser projection display/TV. 
 
The performance characteristics of the laser scanners, such as scan frequency and optical 
resolution, are crucial to the laser projection system. Optical resolution ― the number of 
resolvable spots/pixels per unidirectional scan ― is defined as the ratio of the mirror scan 
angle to optical beam divergence. Theoretically, the scan resolution is proportional to the 
product of the maximum optical scan angle θOpt and beam diameter (or scanner’s aperture size) 
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D. The θOptD product and scanning frequency requirements for different display formats in a 
laser projection display system with a refresh rate of 60Hz are summarized in Figure 1.2.  
 
 
Figure 1.2 θOptD product and scanning frequency requirements for different display formats 
with a refresh rate of 60Hz. 
 
For example, to achieve a standard SVGA (Super Video Graphics Array) resolution, i.e. 800 
pixels per line and 600 lines per frame at 60Hz frame refresh rate, the slow vertical scanner is 
required to operate at 60Hz. This can be easily implemented using most mechanical laser 
scanners in the market. However, the fast horizontal laser scanner in this system must be 
operated at about 20kHz (36,000 scans for display plus some time for vertical scanner to 
retrace, assuming bidirectional scanning, i.e. 2 scans per oscillation period). Since the scanner 
is to deliver an optical resolution of 800 pixels per scan, the θOptD product of the scanner at 
20kHz must be larger than 39 deg·mm, which is technically challenging. For example, if the 
diameter of the laser beam D is 1mm, the scanning amplitude of 39° is required at 20kHz. As 
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shown in Figure 1.2, for laser raster scanning display applications, the classification of the 
display thus depends largely on two important factors: the θOptD product and scanning 
frequency of the fast horizontal scanner. Clearly, a scanner with a large θOptD product (or 
higher resolution) and a high scanning speed is always preferred. Besides laser projection 
display, this is also true for many other applications, including laser printers and laser 
scanning confocal microscopes. 
 
1.2 Overview of major laser scanning technologies 
Present laser scanning technologies can be classified into two principal categories, namely 
“mechanical” and “nonmechanical”, according to their working principles [23]. Mechanical 
laser scanners can be further categorized according to their motions, for example, rotational 
and oscillatory, as shown in Figure 1.3.  
 
Among “mechanical” rotational laser scanners, rotating polygon optical scanners are 
attractive for their high scan rate, velocity stability, wide scan angles, and simple saw-tooth 
scan pattern [24-26]. However, they also have many drawbacks. For example, each facet of 
the polygon must be substantially larger than the incident beam diameter; otherwise much of 
the duty-cycle would be wasted when the beam straddles two adjacent facets. This 
significantly increases the inertia of the rotating polygon. Besides, high-speed motor and 
pneumatic rather than mechanical bearings are required. Making the polygon into a 
high-speed centrifuge represents a significant safety hazard. Furthermore, each facets of the 
polygon is slightly different in reflectivity and angle with respect to the axis of rotation. Those 
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angular differences, known as pyramidal errors, combine with any wobble in the bearing to 
cause the beam to fluctuate in the direction perpendicular to the scan unless additional optical 
corrections are applied. 
 
 
Figure 1.3 Summarization of major laser scanning technologies. 
 
Holographic scanners (i.e. rotating diffraction gratings) are consumable to rotating polygons 
in utility and systematic performance, but offer additional advantages in Bragg angle wobble 
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correction and low aerodynamic loading [27-29]. Hence, when properly designed, 
holographic scanners can out-perform rotating polygons in terms of scanning speed. However, 
many of the drawbacks associated with rotating polygons still remain in holographic scanners, 
for example, the need for an air bearing system for high-speed operation, bulkier and high 
cost. 
 
A resonant scanner typically consists of a suspended mirror that can be driven into torsional 
oscillation by introducing a periodic signal into coils around a magnetic core. It is operated at 
resonance to take advantage of both large vibration amplitude and high speed [23]. Compared 
with rotational mechanical scanners for example rotating polygons, resonant scanners have 
certain advantages which include being optically simple and relatively compact. They exhibit 
negligible pyramidal errors or other variations from one scan to the next, enable the scan 
angle to be adjusted over a range to suit different applications, and possess a flexure 
suspension, which eliminates long-term wear due to mechanical motion. The disadvantages of 
the resonant scanners mainly originate from the sinusoidal nature of scan, resulting in 
non-uniform scan velocity and restricted duty cycle. However, these disadvantages can be 
overcome through electronic compensation, for example, pixel linearization. Currently, the 
operating frequency of commercially-available resonant scanners is typically limited to 
several kilo hertz. 
 
In contrast to “mechanical” laser scanners, which inherently have high inertia, the 
“nonmechanical” scanners are truly low inertia in performance. The electro-optic (EO) [30-31] 
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and acousto-optic (AO) [32-33] scanners shown in Figure 1.3 are two popular examples of 
“nonmechanical” laser deflectors. Without mechanical moving parts, they are capable of 
rendering rapid alteration of position, velocity or direction of the scanned beam. However, 
high cost, small scan angle and limited scan resolution are among the major drawbacks of 
these types of scanners. For electro-optic scanners, it is quite difficult to achieve a scan 
resolution greater than 100 pixels since most electro-optic coefficients are extremely low. For 
acousto-optic scanners, where ultrasonic waves are utilized to modify the direction of a laser 
beam passing through an acousto-optic material, the resolution is typically only a few 
hundreds of pixels per scan. Additional drawbacks of acousto-optic scanners include 
complicated driving electronics (RF signal is required to drive the ultrasonic waves) and 
variation of diffraction efficiency during scanning due to the fixed Bragg angle (per input 
beam angle and drive frequency). Generally, both of the “nonmechanical” laser scanners are 
seldom used in high-resolution scanning applications such as laser printers and projection 
displays. 
 
In summary, for currently available commercial laser scanners, the conventional “mechanical” 
scanners have high scan resolutions but relative low scan speeds due to the high inertia of 
moving parts. On the contrary, the “nonmechanical” scanners are fast but have inherently low 
scan resolutions. In addition, all of these scanners for high-speed operation are bulky and 
expensive. 
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1.3 MEMS technology-empowered miniaturized laser scanners 
Microelectromechanical systems (MEMS) are small integrated devices or systems that 
combine electrical and mechanical components. They can range in size from the sub-micron 
level to the millimeter level in a particular system. MEMS extend the fabrication techniques 
developed for the integrated circuit (IC) industry to add mechanical elements such as beams, 
gears, diaphragms, and springs to devices [34]. 
 
In recent years, MEMS-based mechanical oscillatory optical scanners [35] have attracted 
much attention. Fabricated through silicon micromachining technology, these scanners 
operate in a fashion quite similar to that of resonant scanning mirrors except that they have a 
much lower inertia. As a result, MEMS-based scanners are capable of operating at much 
higher scan frequencies and yet consume significantly less electrical power. Other outstanding 
advantages over existing technologies include small form-factor, light-weight, and low 
per-unit-cost through IC-like batch fabrication. This technology can not only provide 
significant performance enhancements to existing applications but also form a technological 
basis for a wide range of new applications that require miniaturized laser scanning, such as 
scanning endoscopic probes for health-care applications [36] and raster-scanning retinal 
projection wearable displays for medical, military automotive and consumer markets [37]. 
 
1.3.1 MEMS based micromirror laser scanners 
Currently, the majority of research in the area of MEMS-based scanners has focused on 
micromirror scanners [1-5]. An example is shown in Figure 1.4(a). A micromachined reflector 
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is suspended by a double gimbaled structure and can rotate along two axes. While driven by 
electrostatic micro actuators, 2D laser scanning can be achieved. 
 




Figure 1.4 (a) Electrostatic gimbaled dual-axis micromirror scanner [38]; (b) Schematics 
showing the dynamic deformation of a micromachined mirror body. 
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However, as shown in Figure 1.4(b), due to the nature of fabrication processes, micromirrors 
are normally much thinner than conventional macro-scanning mirrors, and therefore, at high 
scan frequencies, the mirror plate loses its rigidity and tends to deform dynamically during 
scanning due to high out-of-plane acceleration forces. This introduces obvious dynamic 
aberrations into the optical system and seriously degrades its optical resolution [39]. Although 
using a thick micromirror can achieve a dynamic deformation within the Rayleigh limit (λ/8 
mechanical), the moment of inertia will be increased significantly. In order to maintain a high 
scanning frequency, the stiffness of the mirror suspension has to be increased. This results in a 
very high driving voltage and considerable power consumption. 
 
1.3.2 MEMS-based vibratory grating scanners 
To overcome the drawbacks of the MEMS micromirror scanners stated above, an innovative 
MEMS high-speed laser scanning technology that uses a more mechanically stable in-plane 
motion of a diffraction grating to avoid the dynamic deformation at high scanning speeds is 
proposed [40-41]. Figures 1.5 (a) and (b) show the working principles of the conventional 
micromirror scanner and the proposed vibratory grating scanner respectively. 
 
In a micromirror scanner shown in Figure 1.5(a), the mirror rotates along X-axis and an 
incident laser beam locates in YOZ plane. The out-of-plane deflection motion of the 
micromirror scans the reflected beam in YOZ plane. In contrast, vibratory grating scanners 
utilize rotational in-plane vibration of planar microstructures to change the orientation of the 
diffraction grating lines, hence causing the diffracted laser beams to scan, as shown in Figure 
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1.5(b). It is well known from elasto-dynamics that the dynamic non-rigid-body deformation 
of a thin plate under in-plane excitation is much smaller than that for rotational out-of-plane 
excitation. Hence, MEMS-based vibratory grating scanners have the potential to scan at high 
frequencies without optical performance degradation resulting from the dynamic 
non-rigid-body deformation prevalent in conventional high-speed out-of-plane torsional 






Figure 1.5 Working principles of (a) micromirror scanner and (b) vibratory grating scanner. 
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1.4 Objectives and organization of the dissertation 
Although the MEMS grating scanning scheme utilizing in-plane rotational motion potentially 
has huge advantages in high-speed scanning applications, the performance of current grating 
scanners is not satisfactory [40-41]. The problems include low optical efficiency, low 
scanning resolution and relatively low scanning frequency. Thus a main objective of the 
project described in this dissertation is to enhance the performance of the micromachined 
high-speed vibratory grating scanner through optical design, scanner structure optimization 
and novel micromachining process development. This dissertation is organized as the follows: 
 
Chapter 1 gives a general introduction to laser scanning technology and its applications, 
followed by an overview of major laser scanning technologies. Then two types of 
MEMS-based miniaturized laser scanners, namely micromirrors and vibratory gratings, are 
introduced and their advantages and disadvantages briefly reviewed. The objectives and 
organization of this dissertation are presented. 
 
Chapter 2 provides an overview of existing literature and state-of-the-art of MEMS 
technology miniaturized laser scanners. Firstly, the structures and actuation mechanisms of 
various micromirror scanners are reviewed. Then the mirror body dynamic deformation 
problem and its solution are discussed. Finally, previous developments on vibratory grating 
scanners are introduced. 
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Chapter 3 provides some theoretical studies of MEMS vibratory grating scanners. Firstly, the 
working principle of laser scanning using a diffraction grating is introduced. Then, the 
optimization of grating profile using numerical rigors coupled wave analysis (RCWA) 
simulation for maximum optical efficiency is discussed. Finally, the development of 
comprehensive dynamic models for predicting the dynamic performance of 2-DOF 
electrostatic comb-driven LTR and circular resonators are presented.  
 
Chapter 4 presents the design, simulation, fabrication process and characterization of three 
types of single-layered vibratory grating scanners, which are driven by 2-DOF LTR resonator, 
2-DOF enhanced LTR resonator and 2-DOF circular resonator respectively. In addition, a 
novel single mask delay etching (SMDE) technique is introduced in detail. 
 
Chapter 5 describes the design, development and demonstration of a novel double-layered 
vibratory grating scanner including structural simulation, fabrication process and 
experimental characterization. 
 
Chapter 6 presents an effective method to achieve synchronized laser scanning of multiple 
beams by using MEMS diffraction gratings together with resonant frequency fine-tuning 
mechanisms. Multiple gratings are actuated in-plane by a common electrostatic comb-driven 
resonator and their resonant frequencies are fine-tuned to compensate for micromachining 
errors. Continuous and reversible resonant frequency tuning are experimentally demonstrated. 
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Chapter 7 concludes with the major contributions in the dissertation and proposes possible 
work in the future. 
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Chapter 2 Literature Review 
 
In recent years, MEMS micromirror scanners have been mostly developed for various 
applications, due to their outstanding advantages, such as compact size, fast scanning speed, 
low power consumption and low per-unit cost. Micromirrors with various structures and 
actuation mechanisms, which can be classified as electrostatic, piezoelectric, electrothermal 
and magnetic actuation, have been developed. However, the dynamic deformation of the 
micromachined thin reflector has became a limiting factor for realizing high-speed 
high-resolution laser scanning, such as projection displays. MEMS vibratory grating scanners, 
which inherently subjected to less dynamic deformation, have the potential to scan at high 
frequency without optical performance degradation. In this chapter, typical structures of 
micromirrors, actuation mechanisms (electrostatic, piezoelectric, thermal and magnetic 
actuations), mirror body dynamic flatness and preliminary research on scanning grating will 
be reviewed in detail. 
 
2.1 Structure of MEMS micromirror scanners 
Structures of most micromirror scanners are summarized in Figure 2.1. As shown in Figure 
2.1, based on the number of scanning axes current MEMS micromirror scanners can be 
classified as single-axis and dual-axes. Since the first micromirror proposed by Petersen (IBM, 
1980) [43], a mirror plate tilting around the torsional suspension spring has become a standard 
design for a single-axis scanning micromirror, shown in Figure 2.1(a).  
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Figure 2.1 Summarization of structures of current MEMS micromirror scanners. 
 
Dual-axes scanning mirrors which are able to realize 2D laser scanning have been extensively 
studied, which can be either double gimbaled or gimbal-less. Gimbal is a pivoted support that 
allows the rotation of an object about a single-axis. Double gimbals, where one mounted on 
the other with pivot axis orthogonal, can be used to allow the object mounted on the 
innermost gimbal to rotate freely along two directions regarding its support, as shown in 
Figure 2.1(b). Double gimbaled structure is the most common and effective way to implement 
2D rotational motion thus dual-axes double gimbaled scanning micromirrors are very popular. 
For example a double gimbaled micromirror for optical cross-connects was demonstrated by 
V.A. Aksyuk et al. in 2000 [44]. Raster laser scanning can be easily achieved with double 
gimbaled scanners by simply designing two gimbals with different resonant frequencies. 
However, elimination of crosstalk between driving voltages, electrical isolation and 
mechanical coupling demand structure optimization as well as complex fabrication process. 
Besides, scanning frequency differences between two axes could affect its performance in 
high-speed scanning applications. 
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In contrast, gimbal-less scanners have uniform suspensions and will not encounter the 
cross-talk problem. Besides two-axis scanning, most gimbal-less scanners are capable of 
realizing the piston motion. Moreover, symmetric structure design allows both axes to have 
similar angular rotation and speed, which is highly desirable for vector or non-raster scanning 
applications. Dual-axes gimbal-less scanners can be further categorized as spring suspended 
scanners and spring driven scanners. In a gimbal-less spring suspended scanner, the scanning 
mirror is connected to a fixed substrate through several suspension springs and the actuation 
forces directly act on the mirrors, as shown in Figure 2.1(c). J. Tsai et al. demonstrated a 
gimbal-less spring suspended micromirror with a hidden crossbar torsional spring and 
actuated by four terraced electrodes in 2005. In a gimbal-less spring driving scanner, 
suspension springs are not only used to support the micromirror but also acting as a media 
which transfer the actuation force from actuators to the mirror, as shown in Figure 2.1(d). The 
mechanical deflection of the mirror depends on the mechanical characteristics of all actuators 
as well as the actuation scheme. For example, prototype scanners with symmetric folded [46] 
and T-shape suspensions [47], which transfer the electrostatic torques generated by 1D 
vertical comb-driven rotation actuators, are developed by V. Milanovic et al. in 2004 and J. 
Tsai et al. in 2006, respectively. In 2005, J. Singh et al. demonstrated a micromirror 
suspended by four serpentine springs and driven by electrothermal bimorph actuators [48]. 
Besides, S.H. Sadat et al. in 2009 reported a micromirror, which is suspended by four 
spiral-shaped suspensions. The actuation force of the mirror is generated by using the zipping 
effect of the flexible beams [49]. 
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2.2 Electrostatic actuation mechanisms 
 
Figure 2.2 Summary of typical electrostatic actuation mechanisms. 
 
Generally, an electrostatic actuation utilizes an attractive or a repulsive Coulomb force 
between electrically charged fixed and movable electrodes. The generated electrostatic force 
is proportional to the square of the applied voltage as well as the overlapping area and 
inversely proportional to the gap of the electrodes. Electrostatic force acting on the surface 
drastically increases with decreasing scale, compared with body forces such as gravity and 
inertia force. Electrostatic actuators have many outstanding advantages, such as little power 
consumption, zero heat dissipation due to zero steady-state current and structure simplicity 
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resulting in high compatibility with micro fabrication processes. Figure 2.2 summarizes 
typical electrostatic actuation mechanisms. As shown in Figure 2.2, current dominating 
electrostatic actuation mechanisms can be classified as rotating plate driven and comb-drive 
actuation, which vary the mutual distance and overlapping area, respectively.  
Table 2.1 Comparisons between typical electrostatic actuation mechanisms. 
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Large force density 
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Large force density 
Large travel range 
Post assembly process 
required 
 
Comb-drive actuators, which consist of many interdigitated electrodes (comb-fingers) with 
small gaps (normally several microns) between them, are generally more efficient compared 
to rotating plate actuators. According to the shape and motion of the comb-fingers, 
comb-drive actuator used for micromirror actuation can be further classified as vertical 
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comb-drive, lateral comb-drive and circular comb-drive actuators, as shown in Figure 2.2. 
Among these three types, vertical comb-drive actuators have been mostly developed due to 
their large force density resulting in low driving voltages and high resonant frequencies for 
large scanning angle [50]. There are three major designs of vertical comb-drive actuators, 
which are staggered, angular and in-plane vertical comb-drive actuators. 
 
The relative advantages and disadvantages of the typical electrostatic actuation mechanisms 
are summarized in Table 2.1. 
 
2.2.1 Rotating plate electrostatic actuators 
In the rotating plate electrostatic actuator driven MEMS scanner, the mirror body acts as the 
movable electrode and the fixed electrodes are placed under the mirror. The planar electrodes 
are preferred in most of scanners due to its fabrication simplicity, as shown in Figure 2.2(a). 
The maximum mirror rotation angle depends on the initial gap due to the geometrical 
restriction. Larger initial gap results in larger scan angle, however requires higher driving 
voltages. This is a design trade-off. Therefore, the wedge-shaped electrodes, although its 
fabrication process is complex, are then developed to reduce the driving voltages while 
maintaining large scan angles (shown in Figure 2.2(b)) [44].  
 
In one way, the mirror body and electrodes underneath can be fabricated on a common 
substrate using multi-layer surface micromachining processes [43]. To increase the maximum 
scanning angle, a post-assembly process is applied to elevate the mirror creating a larger gap 
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between mirror plate and driving electrodes, as shown in Figure 1.4(a) [51-54]. In the other 
way, the mirror body and its driving actuator can be fabricated separately using 
bulk-micromachining and then assembled together. For example a micromirror scanner has 
been developed by T.S. Kim et al. in 2002. The fabrication process combines the bulk 
micromachining and post assembly process, where the fixed and movable electrodes are 
self-aligned during the assembly [55]. 
 
2.2.2 Staggered vertical comb-drive actuators 
In a staggered vertical comb-drive actuator, there is an initial vertical offset between movable 
and stationary fingers (shown in Figure 2.2(c)), which is used for continuous torque 
generation for both static and dynamic actuation. The alignment between top and bottom 
comb-figures is very critical because a small amount of misalignment may cause the side wall 
pull-in of comb-fingers. Various types of fabrication schemes have been applied to form the 
initial offset.  
 
V. Milanovic et al. in 2002 proposed a novel fabrication process for multilevel beam 
SOI-MEMS devices, which is capable of fabricating staggered vertical comb-drive actuators 
[56-59]. Instead of using expensive SOI wafers, fabrication process based on monolithic 
silicon wafers were developed to reduce the fabrication cost. In 2002, J.H. Lee et al. 
demonstrated a staggered vertical comb-drive actuator fabricated using bulking 
micromachining and anodic wafer bonding process [60]. Later in 2005, Q. Zhang et al. 
proposed a low-cost micromachining process using single monolithic silicon wafer to 
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fabricate staggered vertical comb-drive actuators, which combines anisotropic and isotropic 
etching processes [61]. 
 
In the above fabrication processes, the alignment accuracy between upper and lower fingers is 
determined by the accuracy of mask alignment during the lithography process, where the 
misalignment error could be introduced. U. Krishnamoorthy et al. investigated the influence 
of the misalignment between comb-fingers on the performance of the vertical comb-drive 
actuator in 2003 and proposed a self-alignment fabrication process to eliminate the influence 
of the misalignment between fingers [62]. Later from 2004 to 2006, scanning micromirrors 
actuated by various self-aligned staggered vertical comb-drive actuators are demonstrated [46, 
63-65]. 
 
Besides using bulk micromachining process, multi-layered surface micromachining process 
can also be used to fabricate staggered vertical comb-drive actuators. These micromirrors are 
mostly used in high-fill-factor mirror arrays. In 2003 and 2006, D. Hah et al. and J.C. Tsai et 
al. demonstrated their prototypes fabricated using Sandia’s Ultra-planar Multilevel MEMS 
Technology-V (SUMMiT-V) process [66, 46]. SUMMiT-V is offered by Sandia National 
Laboratory, which consists of five polysilicon layers (one fixed and four movable) [67]. 
 
Bulk micromachining process could offer thick mirror body as well as comb-fingers and stiff 
torsional spring resulting in large angular displacement but high driving voltages. On the 
contrary, surface micromachining process could offer light weight mirror body, soft torsional 
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spring and thin comb-fingers, resulting in large dynamic deformation, small driving voltages 
but limited angular displacement. To fabricate a low-inertia micro scanning mirror with 
reinforced mirror body, soft torsional suspensions and thick comb-fingers, a novel process, 
namely Molded Surface Micro Machining and Bulk Etching Release (MOSBE II) process, 
was proposed by M.C. Wu et al. in 2004 [68-69].  
 
Fabrication methods, other fabrication processes, which combine a simple micromachining 
and a post assembly process, were also reported to form staggered vertical comb-fingers. For 
example, K.H. Jeong et al. utilized the deformation of a bimorph cantilever to form the 
vertical gap between fix and movable comb-fingers, which are patterned initially in a same 
layer [70]. Similarly, M. Sasaki et al. utilized buckling of bimorph bridges to elevate movable 
fingers and form the initial vertical offset [71]. 
 
2.2.3 Angular vertical comb-drive actuators 
In an angular vertical comb-drive actuator, there is an initial angular offset between movable 
and static fingers (shown in Figure 2.2(d)), unlike the staggered type discussed above. 
Generally, the movable and fixed comb-fingers are firstly fabricated in the same layer. Then 
the movable fingers are tilted upward by post assembly process, either manually or through a 
self-assembly process. Since all the fingers are patterned at the same time, they are inherently 
self-aligned. Moreover, angular vertical comb-drive actuator is capable of achieving larger 
maximum scanning angles, compared with staggered comb-finger configuration [72]. In 
angular vertical comb-drive actuators, the movable fingers can be deflected to form the initial 
 Chapter 2 
24 
angular offset by various methods, such as deflection of multi-layered beam due to stress 
mismatch in different materials [72], surface tension of polymer hinges formed by recurring 
process [73-75], latching of mechanical hinges [76] and deformation of torsional suspensions 
[77-79]. 
 
In 2003, H. Xie et al. employed stress-induced curling of a multi-layered cantilever to form 
angular vertical comb-drive actuators [72]. Later in 2004, D. Hah et al. utilized the surface 
tension of a photoresist hinge during the reflow process to form the initial angular offset [73]. 
Instead of using photoresist hinge, M. Fujino et al. and H.D. Nguyen et al. reported prototype 
angular vertical comb-drives formed using photo-definable benzocyclobutene (BCB) polymer 
[74-75]. Then, W. Piyawattanametha et al. in 2005 demonstrated their 2D scanner actuated by 
four angular vertical comb-drive actuators with mechanical latching hinges. After that, J. Kim 
et al. demonstrated 1D [77-78] and 2D [79] scanning micromirrors in 2006, which are driven 
by angular vertical comb-drive actuators. The initial angular offset is formed using plastic 
deformation of torsional springs. All comb-fingers, torsional springs and the mirror body are 
patterned in a same layer. Then torsional springs are mechanically deformed while heated 
above the glass transition temperature, introducing a permanent plastic deformation. The 
torsional springs can be deformed by a selective stiction process [77], which utilizes the 
principle that residual non-CO2 liquid could still cause stiction phenomena during the CO2 
critical point drying process [80]. The torsional springs can also be deformed using a 
predefined mold wafer with several pillar-like structures [78-79]. Using this method the 
amount of initial offset can be easily adjusted by changing the mold wafer. 
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2.2.4 In-plane vertical comb-drive actuators 
Staggered or angular vertical comb-drive actuators with vertical or angular offsets between 
movable and fixed fingers, which are capable of producing continuous rotational torques, are 
required in static scanning applications, such as optical switches and optical attenuators. 
Generally, fabrication processes used to form initial offsets between comb-fingers are 
complicated. H. Schenk et al. proposed an in-plane vertical comb-drive actuator especially for 
resonant scanning applications as shown in Figure 2.2(e) [81-83], such as projection displays, 
which require high scanning speed with large scanning amplitudes. 
 
In-plane vertical comb-drive actuators take advantages of capacitances variation between 
movable and fixed vertical comb-fingers during oscillation. The capacitance decreases with 
the out-plane-rotation of the mirror plate. The applied voltage between movable and fixed 
comb-fingers generates an electrostatic torque pulling the mirror plate to its rest position. 
Although all the fingers are pattern in a same plane, small asymmetries of the device still exist 
due to imperfections of micromachining process, which slightly differ the electrostatic and 
mechanical rest positions. Thus an AC driving signal with a frequency which is two times of 
the resonant frequencies of the micromirror, will excite the torsional oscillation of the mirror 
plate. 
 
2.2.5 Lateral comb-drive actuators 
Some scanning micromirrors are actuated by lateral comb-drive actuators by employing 
leverage mechanisms which transfer the lateral motion to rotational motion of mirror plate 
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(shown in Figure 2.2(f)). Lateral comb-drive actuation mechanisms were initially developed 
to overcome the scanning amplitudes limitation of surface micromachined micromirrors 
actuated by electrostatic rotating plate actuator [35, 84-87].  
 
Lateral comb-drive actuated micromirrors based on SOI micromachining technology were 
demonstrated by V. Milanovic et al. and L. Zhou et al. in 2003 and 2006 [88-89]. Lateral 
comb-driven scanning mirrors overcome the alignment issue in staggered vertical comb-drive 
actuators and offer additional advantages, such as small moment of inertia and high actuation 
force resulting in large scanning angle and fast response. The lateral motion of comb-drive 
actuator is converted to rotation of micromirror through a leverage mechanism. The lateral 
pushing or pulling force is transferred along linkages and applies below the axes of rotation of 
the mirror torsion bars, resulting in mirror rotation [88]. Two fabrication processes were 
reported to fabricate the motion conversion mechanism, which are multi-level beam 
SOI-MEMS Fabrication process [88] and SOI/SOI wafer bonding process [89]. 
  
2.2.6 Circular comb-drive actuators 
A circular comb-drive actuator contains two sets of circular-shaped comb-fingers and all 
comb-fingers are concentric. While operating, movable comb-fingers move in rotational 
motion with respect to stationary comb-fingers. Since the circular comb-drive actuator is 
initially designed for in-plane rotation, the mirror body is required to be either fabricated or 
assembled vertically with respect to the actuator plane (shown in Figure 2.2(g)). Thus the 
rotational axes of mirror and actuator are coincident. Scanning micromirrors driven by 
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circular comb-drive actuators are mostly developed for optical switching applications [90-92].  
 
2.3 Other actuation mechanisms 
Compared with electrostatic actuations, other types of actuators, such as piezoelectric, 
electrothermal and electromagnetic actuation, are capable of providing larger actuation forces 
but consuming more energy. In the following sections, examples of individual actuators are 
reviewed.  
 
2.3.1 Piezoelectric actuation 
Piezoelectric actuation in general is based on the bending of a bimorph beam or plate induced 
by an electric field. The induced strain is proportional to the applied electric field. 
Piezoelectric actuators are attractive because they are able to generate large stresses and 
high-energy density. Besides, they can be operated within a large bandwidth and potentially 
require low driving voltages. However, the actuation displacements of piezoelectric actuators 
is small and dedicate deposition process of piezoelectric material is required, which is 
generally complicated. 
 
Various micromirror scanners driven by piezoelectric actuators with lead zirconate titanate 
(PZT) films have been developed [93-98]. F. Filhol et al. in 2005 demonstrated a 1D resonant 
torsional micromirror based on PZT thin film actuation. The prototype scanner is capable of 
scanning at 10.9kHz (less than 1Vpp driving voltages) with an optical scan angle of 78° in 
vacuum conditions [95]. Later in 2007, J.H. Park et al. demonstrated another 1D scanning 
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mirror, which is capable of scanning at 28kHz (60Vpp driving voltages) with an optical scan 
angle of 41° [97]. 
 
2.3.2 Electrothermal actuation 
Thermal actuation takes advantage of the thermal expansion or contraction property of a 
material, which can be heated by passing a current through an embedded resistor (Joule 
heating). Thermal actuators can generate large actuation forces and their fabrication processes 
are simple. However, they are generally slow and require a large amount of thermal energy 
for their operation and therefore consume substantial electrical energy. High temperature and 
complicated thermal management are among the major considerations of these actuators. 
Moreover, the rest position of the mirror plate is significantly dependent on the ambient 
temperature which could raise problems for some applications. In mostly widely implemented 
thermal actuators for micromirror scanners, which are called bimorphs or multi-morphs, two 
or more layers of materials with different coefficients of thermal expansion (CTE) βi are 
grown adjacently to each other and displacement is generated under temperature variation [48, 
99-102], shown in Figure 2.3. S. Schweizer et al. demonstrated an electrothermal actuated 
scanning mirror in 1999. The rest position of the mirror can be adjusted through controlling 
the residual stress in films during processing. The prototype scanners are capable of achieving 
an optical scan angle of above 180° [99]. 
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Figure 2.3 Working principle of a bimorph thermal actuator. 
 
2.3.3 Electromagnetic actuation 
Magnetically actuated micromirrors utilize the Lorentz forces. In general, a coil with one or 
more windings is fabricated on top of the mirror plate and placed in the field of a external 
permanent magnet or an electromagnet. Depending on the direction of the current passing 
through the coil, the mirror plate will deflect to the left or to the right, shown in Figure 2.4.  
 
 
Figure 2.4 Schematic illustration of 1D scanning mirror driven by electromagnetic actuator. 
 
Electromagnetic actuators are very attractive for scanning applications requiring large 
scanning angle, high scanning frequencies and large aperture size, because magnetic forces 
scale with the volume of external magnets. The major limiting factors for electromagnetic 
actuation used in miniaturized laser scanning applications are high power consumption and 
relatively large scanner overall size. 
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From 1991 onwards, various types of micromirrors driven by electromagnetic actuators were 
developed [104-116]. Significnatly, A.D. Yalcinkaya et al. and D. Brown et al. reported an 
electromagnetic actuated 2D double-gimbaled resonant scanning micromirror in 2006 [111]. 
All driving coils are configured on gimbal structure instead of scanning mirror for better 
mirror flatness. The 2D scanning operation is based on superimposing the driving torques on 
two scanning directions. The actuation torque is applied at 45° relative to two scanning axes, 
shown in Figure 2.5.  
 
 
Figure 2.5 Schematic illustration of the working principle of the 2D electromagnetic driven 
scanning mirror [111]. 
 
The double-gimbal structure acts as a mechanical filter which separates the driving torque 
into two components. Torque components then stimulate the respective modal motions of the 
mirror along both axes according to their frequency response characteristics. Therefore, if an 
actuation signal, which is a combination of a high frequency sinusoidal and low frequency 
saw-tooth signals, is applied, pure sinusoidal motion of horizontal resonant scanning and 
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saw-tooth motion of vertical non-resonant scanning can be realized. The prototype scanner 
with a 1.5mm diameter mirror body is capable of achieving optical scan angles of 65° 
(horizontal scanning) and 53° (vertical scanning) with corresponding resonant frequencies of 
21.3kHz and 60Hz. 
 
2.4 Dynamic flatness of micromirrors 
As discussed in Chapter 1, the dynamic deformation of the mirror body in micromirror 
scanners can be a limiting factor for them to realize high speed high resolution laser scanning 
applications (such as laser scanning displays), which typically require large aperture size, 
large optical scan angle and high scanning frequency. While scanning resonantly, the 
out-of-plane acceleration force bends the mirror body, shown in Fig 2.6. 
 
 
Figure 2.6 Schematic illustration of mirror dynamic deformation while scanning. 
 
The maximum deformation will appear at the extreme position where the angular acceleration 
torque becomes the maximum. Since velocity of the mirror is zero at the extreme position, 
damping effect is not considered because damping force is proportional to velocity. Maximum 
dynamic deformation (δmax) of a solid micromirror with a rectangular shape (shown in Figure 






ρ θδ =          (2.1) 
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where ρ is the material density; E is the Young’s modulus; f is the scanning frequency; D and 
T are length and thickness of the mirror body; θmax is the maximum half mechanical deflection 
angle. 
 
It can be concluded from Eq. 2.1 that the maximum dynamic deformation increases with the 
increase in scanning frequency, scanning amplitude, mirror size and decrease in mirror 
thickness. Therefore, scanning mirrors with large sizes and scanning amplitudes with high 
scanning frequency, which are required for many scanning applications, could suffer from 
considerable dynamic deformations. To address this, R.A. Conant et al. presented a design 
criterion in 2000 to find a combination of scanner dimension and resonant frequency for 
scanners with good optical quality [118]. 
 
Dynamic deformation can be reduced by increasing the rigidity of the mirror body through 
increasing mirror thickness, which is the most direct way. However, the moment of inertia of 
the mirror body will be increased considerably at the same time. The stiffness of the torsional 
springs that supports the mirror has to be increased to maintain the scanning frequency. This 
limits the scanning amplitude due to excessive stress induced. Therefore, a thin mirror plate 
with backside thick reinforcement frames, which increases the rigidity of the mirror body 
adversely without increasing the moment of inertia, have been widely adopted, as shown in 
Figure 2.7 [46, 68-69,119-120].  
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Figure 2.7 Schematic illustration of a thin mirror plate reinforced by a thick backside frame. 
 
C.H. Ji et al. demonstrated an electrostatic scanning micromirror with diaphragm mirror plate 
and diamond-shaped reinforcement frame in 2006 [120]. A scanning micromirror with a 
10μm thick, 1.5mm×1.5mm square diaphragm mirror plate is supported by an array of 110μm 
thick rhombic support frames. An optical scanning angle of 17° at a resonant frequency of 
19.55kHz is achieved.  
 
Besides increasing the rigidity of the mirror plate, A. Wolter et al. presented a method to 
reduce the dynamic deformation by changing configurations of mirror plate suspensions in 
2006. The principle idea is to apply forces of the torsional springs to multiple points located at 
the edge of mirror plate rather than only to small regions through adopting multiple spring 
suspensions, shown in Figure 2.8 [121-122]. Dynamic deformation can be minimized through 
optimizing the stiffness of each spring. 
 
Figure 2.8 Micromirrors suspended by single and multiple springs. 
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2.5 Preliminary results on MEMS vibratory grating laser scanners 
As discussed in Chapter 1, the grating scanning scheme will not suffer from the dynamic 
deformation problem and perform better in high speed scanning domain compared with 
micromirror scanner. Several prototype scanning gratings have been developed [40-41, 
123-124]. 
 
A.A. Yasseen et al. reported the first miniaturized scanning gratings in 1999, which is driven 
by an electrostatic micro motor [123]. The prototype scanner is capable of achieving a scan 
rate of 347 scans per-second and an angular range of 360°. The in-plane rotation motion of 
the diffraction grating will introduce little out-of-plane dynamic deformation. However, 
scanning speed of the prototype scanner is limited by its actuation mechanism. The gap 
between the rotor and the bearing post could cause wobble of the rotor. Also, considerable 
heat could be generated by contact friction between the rotor and the substrate while scanning 
at high frequencies. Moreover, optical efficiency of the scanner is quite low, which is 5-7% 
for the 1st order diffraction beam. Consequently, scanning gratings actuated by micro motors 
have little comparative advantages to micromirror scanner because the dynamic deformation 
of a micromirror is not significant at low frequency region and micromirror scanners have 
higher reflection efficiency as well as more stable working condition. Nevertheless, this work 
represents the first MEMS driven grating scanner 
 
In 2003, G. Zhou et al. proposed a novel grating scanner with vibratory motion, which is 
fabricated using three layer surface micromachining process [124]. The diffraction grating 
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platform is single-sided suspended and actuated by an electrostatic comb-driven lateral 
resonator, shown in Figure 2.9.  
 
 
Figure 2.9 Schematic illustration of a single-side driven scanning grating actuated by an 
electrostatic comb-drive actuator [124]. 
 
This configuration inherently enables possibilities of higher speed scanning, compared with 
micro motor driven, due to negligible wear and tear. Besides, the in-plane vibratory motion 
suffers little from the dynamic deformation. The scanning frequency of the prototype is 7.67 
kHz and the optical scan angle of 9th order bow-free scanning is 12-13°. However, optical 
efficiency of the prototype is quite low. Besides, the single-side driven structure could cause 
the rotational center of the grating platform to shift and the softening of the flexure beam 
during vibration.  
 
Later in 2004, G. Zhou et al reported a grating scanner actuated by two symmetrically 
configured electrostatic comb-drive actuators, which is fabricated using SOI micromachining 
technology [40], shown in Figure 2.10. As shown in Figure 2.10, the diffraction grating is 
suspended symmetrically by two “T” shape suspensions. This configuration ensures the 
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diffraction grating rotating along a fixed center and has higher mechanical stability compared 
with the previous prototype [124]. However, the optical efficiency is still low. The prototype 
is capable of scanning at 8.34kHz with an optical scan angle of 15.9°. 
 
 
Figure 2.10 Schematic illustration of a symmetrical electrostatic comb-driven scanning 
grating [40]. 
 
Since the diffraction grating is a dispersive element, grating scanner with a single grating is 
quite suitable for narrow-band laser scanning but not suitable for the situation that requires 
multi-wavelength collinear scanning, such as colorful projection display. G. Zhou et al. 
provided a solution for multi-wavelength collinear scanning in 2006, which is integrating 
several gratings with different grating periods corresponding to laser beams with different 
wavelength [41]. Figure 2.11(a) shows the working principle of multi-wavelength collinear 
scanning by multiple gratings integrated on a same platform. 
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(a)                                            (b) 
Figure 2.11 (a) Dual laser beams with same incident angle and scanned collinearly by two 
diffraction gratings configured on a same platform; (b) Simulated scanned trajectories [41]. 
 
As shown in Figure 2.11(a), two grating elements are placed on a same platform for two 
incident laser beams. Laser beams illuminate on the grating platform with same incident 
angles and each has two diffraction beams. Each laser beam diffracted by its corresponding 
grating element will have same diffraction angle, resulting in a collinear scanning trajectory. 
Simulated collinear scanning trajectories with a 6.5µm spacing are shown in Figure 2.11(b). 
The drawback of this method is the low scanning efficiency due to multiple gratings 
configuration, which limits the aperture size for each grating element. 
 
2.6 Summary 
As discussed in above sections, micromirror scanners with various structures and actuation 
mechanisms have been mostly developed. Dynamic deformation is a limiting factor of 
micromirrors while implemented in high-speed, high-efficiency applications, such as 
projection displays. Dynamic deformation of scanning mirror can be reduced by either 
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increasing the rigidity of the mirror plate or changing the configurations of torsional springs. 
In-plane grating scanners inherently have little dynamic deformation during high-speed 
scanning. Considerable research processes have been achieved on the MEMS scanning 
gratings, such as stable vibration structure, bow-free scanning trajectories and 
multi-wavelength collinear scanning. However, performance of current prototypes are not 
satisfying, such as low optical efficiency, low scanning resolution and relatively low scanning 
frequency, which need to be increased for high-quality, high-speed laser scanning 
applications. 
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Chapter 3 Micromachined vibratory grating scanners: 
theoretical study, optical efficiency optimization and 
modeling 
 
This chapter provides theoretical studies of MEMS vibratory grating scanners, which will be 
discussed in four parts. Firstly, theory of laser scanning by a diffraction grating is introduced. 
Secondly, grating profile optimization using numerical Rigors Coupled Wave Analysis 
(RCWA) simulations for obtaining maximum optical efficiency is discussed. Thirdly, different 
actuation mechanisms for driving the diffraction grating are introduced and compared. Finally, 
comprehensive dynamic models to predict scanners’ dynamic performances are presented. 
 
3.1 Theory of laser scanning with diffraction grating 
The operational principle of a scanning diffraction grating is shown in Figure 3.1 below. 
 
 
Figure 3.1 Schematic illustration showing operational principles of a scanning grating. 
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As shown in Figure 3.1, the grating lies in the XOY plane with its lines orientated parallel to 
the X-axis. An incident laser beam lies in the YOZ plane and illuminates the grating at an 
angle of incident θi. When the diffraction grating rotates about the Z-axis (in-plane rotation), 
the diffracted beams (except the zeroth order) scan accordingly. As reported by G. Zhou et al. 
in 2004, the normalized wave-vector rr pointing to the direction of the outgoing mth order 
diffraction beam as a function of the grating rotation [41] is shown below: 
1/ 2
2 2
( ) ( sin ) (sin cos )
         1 ( sin ) (sin cos )
R R x i R y
R i R z




λ λθ θ θ θ
λ λθ θ θ
= − + −
⎧ ⎫+ − − −⎨ ⎬⎩ ⎭
r r r
r
      (3.1) 
 
where m is the diffraction order; λ is the wavelength of the incident beam; d is the pitch of the 
diffraction grating; θi is the angle of the incident beam; θR is the grating rotation angle (angle 
between grating line and X-axis); , ,x y ze e e
r r r
are the unit vectors along X-, Y- and Z-axis, 
respectively. 
 
Normally, some level of scan-line bow is present in MEMS-based diffraction grating scanners, 
which is not desirable for most scanning applications. However, the scan-bow, which is 
defined as the departure of the scan line from a perfect straight line, can be minimized to a 
negligible level. A diffraction-grating scanner will produce a virtually bow-free scanning 
trajectory when the incident angle θi, diffraction angles θd and diffraction order m satisfy Eq. 












          (3.2) 
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To make sure Eq. 3.2 has a real solution, the ratio of grating period to diffraction order m 
should reside within a specific range, i.e. 0.618 d
m
λ λ≤ ≤ . It can be seen that either large 
grating pitch with high diffraction order or small grating pitch with low diffraction order can 
be selected for bow-free scanning. However, a lower order diffraction beam is always 
preferred for laser scanning because the diffraction efficiency decreases rapidly at higher 
diffraction orders. It is clear that the grating pitch must be smaller than the wavelength of 
incident beam so that a high-efficiency 1st order beam can be utilized to scan a bow-free line. 
For example, when illuminated with a laser beam with a wavelength of 632.8nm, the grating 
pitches could vary from 391nm to 632.8nm for bow-free scanning of 1st order diffraction 
beam. If the grating pitch is selected to be 500nm, the incident angle θi can be calculated to be 
28.4° for bow-free scanning according to Eq. 3.2. Scanning trajectory of the 1st order 
diffraction beam on a projection screen is calculated based on Eq. 3.2 (grating pitch: 500nm; 
incident angle: 28.4°; grating rotation angle: ±10°; screen to grating distance: 200mm), shown 
in Figure 3.2. X’ and Y’ are corresponding coordinates of the projection screen. 
 
 
Figure 3.2 Calculated scanning trajectories of the 1st order diffraction beam with a grating 
period of 500nm. 
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As shown in the figure, the scan-bow increases with increasing scanning angle. The 
maximum deviations of the scan trajectory from the ideal straight line are 1µm, 3.5µm and 
30.5µm with optical scan angles of 10°, 15° and 25°, respectively. Deviations relative to total 
lengths of the scan trajectory are 0.0026%, 0.0067% and 0.038%, which can be ignored. 
 
Figure 3.3 shows calculated scanning trajectories of the 1st order diffraction beam on a 
projection screen with varying grating period based on Eq. 3.1 (grating pitch: 500nm; incident 
angle: 28.4°; grating rotation angle: ±10°; screen to grating distance: 200mm). X’ and Y’ are 
corresponding coordinates of the projection screen. As shown in Figure 3.3, bow-like 




Figure 3.3 Calculated scanning trajectories of the 1st order diffraction beam with varying 
grating period from 450nm to 4µm. 
 
Moreover, it is observed that the optical scan angle increases when the grating period is 
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reduced. Magnification ratios between the optical scanning angle θopt and the grating rotation 
angle θR with varying grating period from 450nm to 4µm are simulated, shown in Figure 3.4.  
 
 
Figure 3.4 Magnification ratios between the optical scanning angle and grating rotation angle 
with varying grating period from 450nm to 4µm. 
 
3.2 Optical efficiency maximization by grating profile optimization 
In this dissertation, sub-wavelength diffraction gratings with periods of 400nm and 500nm are 
used in all the prototypes. In this section, diffraction grating with a period of 500nm is taken 
as an example. While illuminating a laser beam with a wavelength of 632.8nm, the incident 
angle for bow-free scanning is calculated as 28.4°. According to the well-known grating 
equation, only two propagating diffraction orders exist, namely, the zeroth and the first order. 
It is noted that the non-diffracted zeroth-order beam will remain stationary during grating 
in-plane rotation. Hence, the objective is to maximize the diffraction efficiency of the 
first-order diffracted beam that is used for laser scanning. Although a diffraction grating can 
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theoretically achieve 100% diffraction efficiency for a selected diffraction order at a given 
wavelength, a continuous surface profile would be necessary, which is difficult to achieve 
using conventional silicon micromachining technology, especially when the grating period is 
small. A binary grating profile is adopted in this dissertation due to its simplicity and ease of 
fabrication using one-step photolithography and RIE process. The diffraction efficiency of the 
1st order diffraction beam as a function of the grating groove depth is investigated while 
keeping the grating duty cycle fixed at 50% (250nm wide grooves and ridges). 
 
Since the grating period is smaller than the wavelength of the incident laser beam, prediction 
of diffraction efficiency using the scalar diffraction theory is no longer valid. Numerical 
simulations using a more accurate RCWA method [126] are therefore performed to investigate 
the relationship between the diffraction efficiency of the scanner and the binary grating profile. 
RCWA is a numerical method that can provide a rigorous fully vectorial solution of 
Maxwell’s equations and is suitable for analyzing the transmission, reflection and diffraction 
of periodic structures. In the simulations, the sub-wavelength binary grating is assumed to be 
made of gold with a complex refractive index of 0.13+3.16j at a wavelength of 632.8nm [127], 
in which the imaginary part indicates the extinction coefficient. A light beam with a 
wavelength of 632.8nm strikes the grating at the bow-free scanning incident angle of 28.4◦. 
The grating is aligned such that its grooves and ridges are perpendicular to the plane 
containing the incident beam. TE-polarized light is defined as an incident light wave having 
an electric field vector parallel to the grating grooves, and TM-polarized light is defined as an 
incident wave having an electric field vector perpendicular to the grating grooves. Simulation 
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results show that the grating diffraction efficiency, which is defined as the ratio of optical 
power of the first diffraction order to the total incident power, is polarization dependent. 
Diffraction efficiencies as a function of the grating groove depths are plotted in Figures 3.5 (a) 
& (b) for TM- and TE-polarized incident light, respectively. 
 
 
(a)                                             (b) 
Figure 3.5 Diffraction efficiencies as a function of grating groove depths for (a) TM- and (b) 
TE-polarized incident light. 
 
It is observed that for TM polarization, the diffraction efficiency of the grating varies in a 
sinusoidal pattern as the grating groove depth increases and can be as high as 80% as long as 
the depth of the grating grooves is properly set. For TE polarization, the diffraction efficiency 
increases monotonically with increasing depth of the grating grooves and saturates at about 
45% for the simulated results using RCWA. From the simulation results, it is noted that high 
optical efficiencies (close to that of a coated mirror) can indeed be achieved with a simple 
binary metallic sub-wavelength grating, provided that the grating groove depth is precisely 
controlled in the fabrication process and a TM-polarized incident laser beam is utilized for 
illumination during the scanner operation. 
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To verify the simulation results, a set of diffraction gratings with the same period of 500nm 
but different groove depths were fabricated using deep-UV lithography and RIE of silicon 
wafers. The duty cycle of the diffraction grating was designed to be 50%, which may slightly 
vary during the fabrication process. Nevertheless, for a diffraction grating, a slightly change 
in duty cycle has little influence on its performance. A 10nm thick chromium layer followed 
by an 80nm thick gold layer was then deposited on the wafer surface using a sputtering 
process to increase the reflectivity. Diffraction efficiencies of fabricated gratings are then 
measured with a linearly polarized He-Ne laser, shown in Figure 3.6. 
 
 
Figure 3.6 Experimental setup for diffraction efficiency measurement. 
 
As shown in Figure 3.6, the polarization state of the He-Ne laser beam is rotated by a 
half-wave plate with an angle of 45º with respect to the horizontal reference. A linear 
polarizer is then used to provide TE- or TM-polarized incident light beam. The incident beam 
is then uniformly split into two beams by a beam splitter. The intensity of one beam is directly 
measured by a photo detector. The other beam illuminates on the diffraction grating and the 
intensity of diffraction beam is measured by another photo detector. Measured grating 
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efficiencies as a function of the grating groove depths are plotted as open circles in Figures 
3.5(a) & (b) for TM- and TE-polarized light respectively. It is observed that the experimental 
results are in good agreement with the simulation results at small groove depths. However, 
significant discrepancy occurs when the grating groove depth is large. This is because the 
diffraction gratings in our simulations had been assumed to be made of gold whereas the 
actual gratings used in our experiment were made of silicon and then coated with an optically 
thick gold layer. Figures 3.7 (a) to (d) show the cross-sectional SEM images of the gratings 
with different groove depths. 
 
      
(a)                                                (b) 
       
(c)                                                  (d) 
Figure 3.7 SEM images showing cross-sectional views of gratings with different groove 
depths: (a) 65nm, (b) 125nm, (c) 235nm and (d) 440nm. 
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As shown in Figure 3.7, relatively conformal step coverage of gold layers is achieved using 
the sputtering process for shallow grating grooves. Since gold films on the sidewalls and 
bottom surfaces of shallow grating grooves are optically thick, the assumption that the 
diffraction gratings are made wholly of gold in RCWA simulations is valid. However, as the 
grating groove depth increases, step coverage deteriorates accordingly and the gold films on 
side walls and bottom surfaces of grating grooves are no longer optically thick. As a result, 
part of the incident light energy can be transmitted through the gold layer and absorbed by the 
silicon layer underneath causing a reduction in total diffracted optical energy. Nevertheless, 
regardless of the discrepancy between simulation and experiment at large groove depths, we 
note that a diffraction efficiency of more than 75% is experimentally achieved for TM 
polarization with shallow grating grooves at an optimal groove depth of 125nm. This is closed 
to the reflective efficiency of a mirror with the same metal coating, which was measured to be 
around 90%. 
 
Since optical scanning is achieved with a linearly polarized incident laser beam in conjunction 
with an in-plane vibratory sub-wavelength grating, of which the diffraction efficiency is 
polarization dependent, variation of the scan beam intensity with scan angle is expected. The 
uniformity of the scan-beam intensity is investigated both experimentally and numerically 
with the RCWA method. Figure 3.8 shows the simulated and measured diffraction efficiency 
of the optimal grating profile with a groove depth of 125nm as a function of grating in-plane 
rotation. The TM-polarized laser beam was used and the grating lines were initially aligned 
perpendicular to the plane of incidence. It is observed that the measurement results agree well 
 Chapter 3 
49 
with the simulation results. The diffraction efficiency, and hence output scan-beam intensity 
when incident light power is stabilized, decreases slightly from the center to the end of scan. 
The intensity drop was found to be less than 8% with the grating in-plane rotation angle of 
±20º, which corresponds to an optical full scan angle of 51º. This is acceptable for many 
laser-scanning applications. For applications requiring highly uniform intensity of a 
scanned-beam, two methods can be utilized to overcome the problem. They are using a 
randomly or circularly polarized incident light or employing an active electro-optic feedback 
system to adjust the incident light power by sensing the non-scanning zeroth-order diffracted 
beam. The first method achieves uniform intensity at the expense of a decrease in total 
diffraction efficiency since low efficiency TE-polarized light is present in the system, while 
the second method eliminates scan intensity variation at the expense of increased system 
complexity and cost. 
 
 
Figure 3.8 Simulated and measured diffraction efficiency of the optimal grating profile with a 
groove depth of 125nm as a function of grating in-plane rotation. 
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3.3 Actuation mechanisms for scanning gratings 
Electrostatic comb-drive actuators are adopted in this study due to their outstanding 
advantages, such as high force density with little power consumption and zero heat 
dissipation due to zero steady-state current; structure simplicity resulting in high compatibility 
with micro fabrication process.  
 
Figure 3.9 Actuation mechanisms for in-plane rotation: (a) 1-DOF electrostatic circular 
comb-driven resonator; (b) 2-DOF electrostatic comb-driven LTR resonator; (c) 2-DOF 
electrostatic comb-driven ELTR resonator and (d) 2-DOF electrostatic comb-driven circular 
resonator. 
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Figure 3.9 summarizes various actuation mechanisms, which can be used to generate in-plane 
rotational motion of the diffraction grating. As shown in Figure 3.9, micromachined 
diffraction gratings can be actuated either directly by one-degree-of-freedom (1-DOF) 
resonators or indirectly by 2-DOF resonators. Using a 1-DOF electrostatic circular 
comb-drive resonator (shown in Figure 3.9(a)) is the most straight forward method to 
generate the in-plane rotation. In a 1-DOF resonator, a diffraction grating platform is 
connected to substrate through several flexures and actuated directly by several sets of 
electrostatic circular comb-drive actuators. The in-plane rotational range of the grating 
platform is determined by the travel range of the circular comb-drive actuator, which is 
limited owing to pull-in of comb-fingers. This actuation mechanism will inevitably lead to 
small scanning angles with a large diameter diffraction grating. However, in many optical 
scanning applications, larger beam size is always preferred to achieve higher optical 
resolution. 
 
In a 2-DOF resonator (shown in Figure 3.9 (b) to (d)), the diffraction grating platform is 
actuated by an outer resonator through several flexures. The outer resonator is suspended by 
several flexures and directly driven by electrostatic comb-drive actuators. Compared with 
1-DOF resonators, the rotational range of the grating platform is no longer determined by the 
travel range of micro actuators but by the mode shape, which is defined as the ratio between 
the displacements/rotation angles of grating platform and outer resonator at the resonance, can 
be easily predefined by varying stiffness of flexures. The rotational range of the grating 
platform is then determined by the maximum allowable deformation of the flexural 
 Chapter 3 
52 
suspension beams, which is the deformation when the internal maximum stress reaches their 
rupture limit. Without changing the total stiffness, hence maintaining the same resonant 
frequency, the internal maximum stress can be reduced by reducing the width of each flexural 
beam and increasing the total number of suspension beams. 
 
According to the motion of the outer resonator, 2-DOF resonators can be further categorized 
as lateral-to-rotational (LTR) and circular types, as shown in Figure 3.9. In a LTR resonator, 
the rotational motion of the grating platform is excited by the synchronized linear motions of 
several electrostatic lateral comb-driven outer resonators through several flexural beams, 
shown in Figure 3.9(b). The LTR resonator has strong driving capability because the actuation 
force supplied by the lateral resonator can be easily increased by increasing the number of 
comb-fingers. Thus, it is very suitable for high-speed scanning. However, due to space 
limitation, the numbers of outer resonators and flexural suspensions are typically limited 
resulting in relatively small rotational range of the grating platform. This can be slightly 
improved by an enhanced LTR (ELTR) resonator, in which some extra supporting springs are 
added, shown in Figure 3.9(c). In addition, due to uncertainties and imperfections of the 
micro fabrication process, the resonant frequencies of the micro resonators are typically 
different, which can cause a variation of the diffraction grating’s rotational center and marked 
performance deviations from the original design. Although this problem can be solved by 
adding feedback control to each individual micro-resonator, the complexity of the system will 
significantly increase. 
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The 2-DOF circular resonator is then developed to further increase the rotational range of the 
grating platform, shown in Figure 3.9(d). Under this driving scheme, the rotational motion of 
the grating platform is excited by outer circular resonator’s rotation. The internal maximum 
stress in each flexural beam can be much lower because increasing the number of main 
flexural beams for this driving method is feasible. This results in a further increased rotational 
range of the grating platform. In addition, since only one micro resonator is adopted as 
compared to several symmetrically configured micro resonators, it will not encounter 
resonant frequency mismatch problem due to uncertainties and imperfections in the micro 
fabrication process. However, the 2-DOF circular resonator has a lower driving capability 
compared with the 2-DOF LTR resonator due to limited circular comb-fingers in the outer 
resonator. 
 
In this dissertation, vibratory grating scanners actuated by 2-DOF LTR, ELTR and circular 
resonator are demonstrated in the following chapters. 
 
3.4 Comprehensive dynamic models 
Simplified analytical models and finite element (FE) simulations are two frequently used 
tools in the design of most MEMS devices. Simplified models could provide rapid 
performance predictions with limited accuracy. FE simulations of the whole structure are 
accurate but less efficient. In this section, comprehensive dynamic models of 2-DOF ELTR 
(also applicable to 2-DOF LTR resonators) and circular resonators, which could accurately 
and efficiently predict the dynamic performances, are established for scanner’s structure 
 Chapter 3 
54 
optimization. A simplified dynamic model based on ideal situation, such as weightless 
suspension springs, small and linear beam deformation and perfect fabrication process, is 
firstly established. Then, the model is modified by considering effects of practical factors, 
such as weight influence of micro suspension springs, fabrication imperfections and large 
deformation geometry nonlinearities. 
 
3.4.1 Linear mode of a 2-DOF ELTR resonator 
Figure 3.10 shows a typical 2-DOF electrostatic comb-driven ELTR resonator. As shown in 
the figure, a round platform is connected to the substrate through several supporting springs. 
Several electrostatic comb-drive resonators are attached symmetrically to the grating platform 
through one connection flexural beam on each of them. The lateral resonator is suspended by 
several fold-beam suspensions. Besides, each connection suspension spring contains a main 
flexural beam with several perpendicularly connected stress alleviation beams, which are used 
to reduce the axial stress of the main flexural beam during large deformation [128].  
 
 
Figure 3.10 Schematic of a typical 2-DOF electrostatic comb-driven ELTR resonator. 
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3.4.1.1 Simplified analytical model of the 2-DOF ELTR resonator 
The dynamics of a 2-DOF ELTR resonator can be simplified to a 2-DOF undamped 
spring-mass free vibration system under the following assumptions: 
1)  Deformations of all beams are small and linear. 
2)  All suspension springs are considered to be weightless. 
3)  Stress alleviation beams are considered to be ideal, which release the axial stress but 
have little influence on the total spring constant.  
 
Figure 3.11 shows the 2-DOF undamped spring-mass free vibration system. The total kinetic 
energy of the system during vibration is: 
2 21 1
2 2c o o in Rk
E n m x J θ= + &&
        (3.3) 
where nc, mo and xo are the number, individual mass and displacement of lateral resonators 
respectively; Jin and θR are the moment of inertia and rotational angle of the grating platform. 
 
 
Figure 3.11 Schematic illustration of a simplified 2-DOF undamped spring-mass free 
vibration system. 
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Stiffness matrix of a single beam is adopted to calculate the potential energy of the suspension 




Figure 3.12 Local variables defined with respect to a suspension beam. 
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where L, I and A are length, second moment and cross-sectional area of the beam and E is the 
Young’s modulus of the material.  
 
The corresponding vector of local variables is then: 
[ ]1 1 1 2 2 2 Tu u v u vθ θ=v            (3.5) 
 
Vectors of local variables for both connection beam and supporting beam under small 
deformation assumption are: 




















v           (3.6) 
where Rin is the radius of the grating platform. 
 
With everything in place, the potential energy Ep of the system is then: 
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where, Kf is the total spring constant of a lateral resonator’s suspension; cu
v and su
v are 
vectors of local variables of a connection and a supporting flexural beam; nc and ns are 
number of connection and supporting flexural beams; [kc] and [ks] are stiffness matrixes of a 
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Since folded beam suspensions are used to suspend the lateral resonator, the total spring 








=          (3.8) 
where, Lf and If are length and Second moment of area of beams in a folded beam suspension; 
nf is the number of folded beams suspensions. 
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Ic and Is are area moment of inertia of connection and supporting flexural beams; Wc and Ws 
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where T is the thickness of the beam. 
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3.4.1.2 Weight influence of flexural beams 
In a multiple springs suspended 2-DOF ELTR resonator, ignoring the mass of flexural beams 
can introduce significant errors while estimating resonant frequencies and mode shapes of the 
system. A FE simulation shows that if we ignore the mass of the flexural beams, the grating 
platform’s moment of inertia estimation error increases from 18.4% to 51.1% when the 
number of the main flexural beams increases from 4 to 40.  
 
In this section, the weight influence of flexural beams are modeled and added into the 
simplified analytical model shown in Eq. 3.9. Weight influence of connection flexural beams 
is investigated first. Figure 3.13 shows a schematic of a deformed connection flexural beam. 
 
 
Figure 3.13 Schematic of a deformed connection flexural beam. 
 
The deflection of the connection spring is approximated by a third order polynomial 
expression that fulfills the boundary conditions of the beam given below: 
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The resultant deflection along the beam is a function of xo and θR: 
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The kinetic energy of vibrating supporting flexural beams can be obtained by letting xo = 0:  
2 2 2
_
1 13 1 11
2 35 105 105ink s s Si s s s s in R
E n WTL R L L Rρ θ⎛ ⎞Δ = + +⎜ ⎟⎝ ⎠
&     (3.13) 
 
Weight influence of folded beam suspensions can be obtained using similar method. A 
deformed folded beam suspension is shown in Figure 3.14. 
 
 
Figure 3.14 Schematic of a deformed folded beam suspension. 
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Deflection of the beam is also approximated by a third order polynomial expression that 
fulfills the boundary condition shown below: 
' '
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xf x f L
f f L
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The resultant deflection profile along the beam can be expressed as a function of xo:  
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The kinetic energy of vibrating folded beam suspensions can be computed as: 
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The modified total kinetic energy of the system kE%  is then: 
_ _ _k k k c k s k fE E E E E= + Δ + Δ + Δ%       (3.17) 
 
Applying the Lagrange formulation with the modified kinetic energy, dynamic model 
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where: 
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3.4.1.3 Influence of stress alleviation beams 
Several stress alleviation beams were designed to release the axial stress of the main flexural 
beam by permitting some translational motion. This can help to eliminate the nonlinearity of 
the scanner. In an ideal case, the stress alleviation beams should have no effect on the linear 
harmonic solution. This is necessary as the rotation of the grating platform introduces tension 
in the suspension beams. Figure 3.15 shows FE simulation results of the improved 
torque-angle relationships with and without the addition of these stress alleviation beams 
compared to the ideal linear spring model. 
 
 
Figure 3.15 FE simulated torque-angle relationships of flexural beams. 
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Figure 3.16 shows FE simulation results of a set of deformed stress alleviation beams, which 
illustrates how the stress alleviation beams help in reducing stress at the anchor locations. 
More importantly, it shows a small tilt angle at the non-rigid anchor position, which reduces 
stiffness of flexural suspensions, thus affecting resonant frequencies of the system.  
 
 
Figure 3.16 FE simulation results showing a set of deformed stress alleviation beams. 
 
The stiffness reduction of suspension springs can be expressed using spring constant 
reduction coefficient, which are δc(xo,θR) and δs(θR) for connection and supporting flexural 
beams, respectively. Although the reduction rate is a function of xo and θR, it can be 
approximated by a constant and easily obtained through a simple FE simulation. Considering 
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3.4.1.4 Influence of micromachining imperfections 
Fabrication imperfection is another very important issue needed to be addressed. The 
imperfections [129] in plasma etching process (such as etching slope, undercut and notching 
effect) will change the dimensions and area moment of the beams. This can induce significant 
change in the stiffness of the suspension beams and finally introduce significant error to the 
predictions of the natural frequency and mode shape. Figure 3.17 shows a cross-sectional 
profile model of the beam after DRIE process and a SEM image showing an etched trench 
obtained from pre-calibration processes. The etching undercut (∆W1) and the sidewall etching 
slop (α) have been included in this cross-sectional model. In addition, this cross-sectional 
model attempts to account for the notching effect as well, which is expressed by the thickness 
(Tn) and sidewall slope (αn) of the notching area. Generally all the trenches at the both sides of 
suspension beams are designed to be the same to ensure the uniformity during the fabrication 
process. Hence, the parameters in the model can be directly obtained or calculated by using 
the measured width of the trench at different positions. 
 
 
Figure 3.17 Cross-sectional profile model of the beam after DRIE process and SEM image 
showing an etched trench. 
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As shown in the SEM image in Figure 3.17, the width of the trench at its top, bottom, upper 
boundary and thickness of the notching area are measured so that actual widths iW%  at 
different position of the beam can be calculated: 
2     1,  2,  3i iW W W i= − Δ =% %        (3.20) 
where, W is the designed width of the beam. 
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Then, the actual beam width W(u) can be expressed as a function of beam thickness: 
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Therefore, the modified area moment of inertia I%  based on the above model is expressed as: 
4 4 4 4
2 3 1 2
1 1( ) ( )
96 96n
I tg W W tg W Wα α= − + −% % % % %       (3.23) 
 
By using the modified area moment of inertia in the dynamic model, influence of fabrication 
imperfections is included.  
 
3.4.2 Linear modeling of a 2-DOF circular resonator 
Figure 3.18 shows a schematic illustration of 2-DOF circular resonator. As shown in Figure 
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3.18, a round inner platform is connected to the outer resonator through several connection 
flexural beams. Each of them has several pairs of perpendicularly connected stress alleviation 
beams, which are used to reduce its axial stress during large deformation. Among connection 
flexural beams, some of them are designed to be longer than the others in order to save space, 
namely type01 and type02 connection flexural beams. The outer circular resonator is 
suspended by symmetrically configured circular folded beam suspensions and driven by 
electrostatic circular comb-drive actuators. 
 
 
Figure 3.18 Schematic illustration of a 2-DOF circular resonator. 
 
3.4.2.1 Modeling of connection flexural beams 
We take advantage of the stiffness matrix (Eq. 3.4) of a single beam to obtain the model of the 
connection flexural beam. Figure 3.19 shows a model of a connection flexural beam and its 
corresponding local variables. 
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Figure 3.19 Model of the main flexural beam and its corresponding local variables.  
 
As shown in Figure 3.19, when an external torque τ0 is applied, the grating platform with a 
radius of Rin will rotate an angle of θR. The spring constant of one flexural beam can be 
expressed as the ratio of τ0 to θR. The beam is assumed to have small deformations so that the 
axial deformation is ignored and the stress alleviation springs are not considered at the 
moment. The relationship between the local variables of force (F1, τ1, F2 and τ2) and 
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where, Lc and Ic are beam length and area moment of inertia of the beam; E is the Young’s 
modulus of the material. 
 
Apply the boundary conditions shown in Figure 3.19 into Eq. 3.24, we can get: 
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Since the grating platform is in rotational equilibrium (shown in Figure 3.20), the external 
torque τ0 can be expressed as: 
2 2
30 2 2 (12 12 4 )
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Hence, the spring constant for one connection flexural beam kc is: 
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3 (12 12 4 )
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Since two types of the main flexural beams are adopted, the spring constant for each type, 
which is expressed as kci, is shown below: 
2 2
3 (12 12 4 )
ci
ci in in ci ci
ci
EIk R R L L
L
= + +       (3.28) 
 
Therefore, the total spring constant of all connection flexural beams, which is expressed as Kc, 
is shown below: 
1 1 2 2c c cc cK n k n k= +         (3.29) 
where, nc1 and nc2 are numbers of each type of connection flexural beams. 
 
3.4.2.2 Modeling of circular folded beam suspensions 
In a 2-DOF circular resonator, the outer resonator is suspended by circular folded beam 
suspensions. Figure 3.20 shows the schematic illustrations of a lateral folded beam and a 
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circular folded beam suspension.  
 
 
Figure 3.20 Schematic illustrations of a lateral folded beam and a circular folded beam 
suspension. 
 
As shown in Figure 3.20, similar to the lateral folded beam suspension, one set of circular 
folded beam suspension is composed of four identical single beam flexures with one end 
connected to each other through a rigid truss structure. Two of them are connected to the 
movable structure and the other two are connected to the fixed boundary. However, the axial 
lines of the four beams are no longer parallel to each other but coincident with the rotation 
center and the rigid truss structure is also changed from a rectangular shape to a 
sector-annular shape. 
 
Figure 3.21 shows the model of one set of circular folded beam suspension. As shown in 
Figure 3.21, beams numbered 1 & 2, 3 & 4 are connected in series respectively and the two 
sets of the serially connected beams are then connected in parallel. Since the dimensions of 
the four beams are same, the rotational spring constant of one set of circular folded-beam 
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suspension is equivalent to that of one single beam.  
 
 
Figure 3.21 Model of one set of circular folded beam suspension. 
 
According to Eq. 3.27, the total spring constant of circular folded beam suspensions is: 
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where Lf and If are length and area moment of inertia of the beam in circular folded beam 
suspension; Ro is the radius of outer circular resonator and nf is the number of circular folded 
beam suspensions. 
 
3.4.2.3 Simplified model of the 2-DOF circular resonator  
Similar to 2-DOF ELTR resonators, the dynamics of 2-DOF circular resonators can be 
simplified to 2-DOF undamped spring-mass free vibration systems, shown in Figure 3.22, 
based on the following assumptions: 
1)  Deformations of all beams are small and linear. 
2)  All suspension springs are considered to be weightless. 
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3)  Stress alleviation beams are considered to be ideal, which release the axial stress but 
have little influence on the total spring constant. 
 
 
Figure 3.22 Schematic illustration of a simplified 2-DOF circular resonator. 
 
The total kinetic and potential energy of the system during vibration, which are expressed as 

















       (3.31) 
where Jin, Rin and θR are moment of inertia, radius and rotation angle of the inner grating 
platform and Jo, Ro and θo are moment of inertia, radius and rotation angle of the outer 
circular resonator.  
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3.4.2.4 Weight influence of flexural beams 
As discussed in section 3.4.1.2, ignoring the mass of flexural beams in a multiple springs 
suspended 2-DOF ELTR resonator can introduce significant errors while estimating dynamic 
performance of the system. The estimation error can be more significant for a 2-DOF circular 
resonator due to the increased number of connection flexural beams.  
 
In this section, the mass of connection flexural beams and circular folded beam suspensions 
will be included into the dynamic model. Similar with section 3.4.1.2, the deformation profile 
of the beam suspension due to the rotation of both the grating platform and the outer circular 
resonator is considered. Figure 3.23 shows a deformed connection flexural beam.  
 
 
Figure 3.23 Schematic of a deformed connection flexural beam. 
 
As shown in Figure 3.23, the deflection profile of a main flexural beam is approximated by a 
third order polynomial expression that satisfies the boundary conditions given below, where 
all the angles are assumed to be very small. 
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The resultant deflection profile as a function of θR and θo is shown below:  
3 2 2 3
3 2 2 32 3 2 3 2 2( ) c c c c
c c c c
in in in in
in oR
R L R L R L R Lf u u u u R u u
L L L L
θ θ⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
+ + + += − + + + −  (3.34) 
 
The kinetic energy brought by the vibrating connection flexural beams ΔEk are: 
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The kinetic energy of the vibrating circular folded beam suspensions ΔEk_f can be obtained 
easily using Eq. 3.36 by applying corresponding boundary conditions: 
2 2 2
_
1 87 41 67( )
2 70 42 210o o oSik f f f f f
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The modified total kinetic energy of the system kE%  is then: 
_ _k k k c k fE E E E= + Δ + Δ%         (3.38) 
 
Applying the Lagrange formulation with the modified kinetic energy, a dynamic model 
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considering weight influence of flexural beams is obtained: 
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3.4.2.5 Influence of stress alleviation beams and fabrication imperfections 
Stress alleviation beams, which permit some translational motion, can help to release the 
tensile stress along the flexural beam without changing its stiffness, as discussed in section 
3.4.1.3. However, the actual stress alleviation beams could reduce the stiffness of the beam 
due to the small tilt angle at the non-rigid anchor position.  
 
To include the influence of stress alleviation beams, spring constant reduction coefficients of 
both types of connection beams are introduced into the dynamic model shown in Eq. 3.39. In 
2-DOF circular resonators, spring constant reduction coefficients δc1 and δc2 can be easily 
obtained through simple FE simulations of a single connection flexural beam. The total spring 
constant of connection beams (Eq. 3.29) changes to: 
1 1 1 2 2 2c c cc c c cK n k n kδ δ= +%          (3.40) 
 
Hence, the dynamic model considering the influence of stress alleviation beams is shown 
below: 
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Fabrication imperfections, such as the well-known under-cut, notching effect in plasma 
etching process, will also influence the dynamic performance of the system. Area moment of 
inertias of all fabricated flexural beams differ from their designed value. The modified area 
moment of inertia, shown in Eq. 3.23, has been worked out in section 3.4.1.3. By using the 
modified area moment of inertia, the influence of fabrication imperfections is included in the 
dynamic model. 
 
3.4.3 Modeling of a 2-DOF circular resonator considering geometric nonlinearities 
Although the stress alleviation beams can help to release the axial tensile stress in the 
connection flexural beams, the geometric nonlinearity cannot be fully eliminated when the 
rotational angle of the grating platform is large. A FE simulation was conducted to estimate 
restoring torques of a connection flexural beam at different half mechanical rotational angles 
of the grating platform. Both linear and nonlinear analyses were conducted and simulation 
results are shown in Figure 3.24. The geometric nonlinearity due to large deformation of the 
flexures was considered in the nonlinear analyses. Simulation results indicate that, as 
expected, when the rotational angle is small, the restoring torque remains linear and the 
geometric nonlinearity can be fully ignored. However, when the rotational angle is larger than 
0.1arc (5.73º), the nonlinearity of the restoring torque appears and the geometric nonlinearity 
can no longer be ignored. The equation for nonlinear restoring torques as a function of 
rotation angle can be acquired by fitting polynomials to the simulated data points, which is 




c ck kτ θ εθ= +%         (3.42) 
 
 
Figure 3.24 FE simulated torque-angle points and polynomial fitted curve of a connection 
flexural beam. 
 
For 2-DOF circular resonators, which are designed for large scanning amplitudes, 
considerations of the geometric nonlinearity in the connection flexural beams are necessary. 
In this section, a perturbation analysis is conducted to analyze the effects of the weakly 
nonlinear spring.  
 
Figure 3.25 shows the schematic of a 2-DOF circular resonator with nonlinear connection 
suspensions. 
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Figure 3.25 Schematic illustration of a 2-DOF circular resonator with nonlinear connection 
suspensions. 
 
Generally, two types of connection beams are configured in a 2-DOF circular resonator and 
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Then, the total nonlinear restoring torque τ%  for a given relative rotational angle θ between 
the diffraction grating and the outer resonator is shown below: 
3
1 1 2 2 c cc cn n K Kτ τ τ θ εθ= + = +% %% % %        (3.44) 
where, the defined small parameter ε reflects the degree of nonlinearity in flexural beams; 
cK%  is simulated spring constant of all connection flexural beams, which has included the 
influence of the stress alleviation beams. Besides, the influence of the fabrication 
imperfections can also be included by applying the etched beam profile in the FE model. 
 
Then, the dynamic model considering geometric nonlinearity can be derived from Eq. 3.39 
and Eq. 3.44 by replacing the total linear restoring torque with the total nonlinear restoring 
torque, shown below: 
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The harmonic balance method [130] is used to solve Eq. 3.46. The periodic solutions are 
assumed to exist and expanded using Fourier series with ω0 and only keeping the 1st order 

















=          (3.47) 
where, AR and Ao denote the rotational amplitudes of the diffraction grating and the outer 
resonator respectively.  
 
Substitute Eq. 3.47 into Eq. 3.46, we have: 
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The item cos3ω0t can be expanded to: 
3
0 0 0
3 1cos cos cos3
4 4
t t tω ω ω= +        (3.49) 
 
Substitute Eq. 3.49 into Eq. 3.48, we have: 
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The symbol φ is then defined to represent the mode ratio of the system, which is shown in Eq. 
3.51 below: 
R oA Aϕ=          (3.51) 
 
Then, Eq. 3.52 below can be obtained by substituting Eq. 3.51 into Eq. 3.50 and order all the 
coefficients of the first harmonic component to be zero. 
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Solution of Eq. 3.52 yields the resonant frequencies f, rotational amplitudes Ain and Ao of the 
diffraction grating and the outer circular resonator as well as the optical scan angle θopt, as 
shown in Eq. 3.53 below: 
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where, Camp is the magnification ratio between optical scan angle and the mechanical 
rotational angle of the diffraction grating, which can be obtained from Figure 3.4.  
 
The calculated resonant frequencies with different optical scan angles are then normalized by 
their linear resonant frequencies f01 and f02 for both the first and the second resonating modes 
for easy comparison. The normalized resonant frequencies of both the resonating modes are 









=          (3.54) 
 
The theoretical model predicts the variations for the resonant frequencies with different ε 
values of both the first and second resonating modes, which are shown in Figure 3.26.  
 
 
(a)                                            (b) 
Figure 3.26 Theoretical predictions of the variation of resonant frequency with the optical 
scan angle of (a) the first and (b) the second resonating mode for different ε values. 
 
It is seen that the resonant frequencies increase with increasing optical scan angle for both 
resonating modes and the amount of variation of the resonant frequency with the same optical 
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scan angle increases with increasing ε value due to the greater degree of nonlinearity. 
 
3.5 Summary 
In this chapter, optical efficiency, which is a key tenet against the adoption of the grating 
scanner, was successfully maximized using binary sub-wavelength diffraction grating with an 
optimized profile. Grating profile optimization through RCWA simulation demonstrated the 
theoretical possibility of high optical efficiency grating scanning. Fabrication of grating with 
different groove depth verified experimentally the simulation results. A diffraction efficiency 
of around 80%, which is closed to a coated mirror, was achieved using a TM-polarized light 
beam. 
 
Improvements in structural design can increase the optical scanning performance of the 
vibratory grating scanner. Using the 2-DOF indirect actuation scheme, the scanning amplitude 
is no loner limited by the travel range of microactuators but by the mode shape design. In 
particular, the maximum stress in flexural beams can be minimized by using the 2-DOF 
circular resonator resulting in increased dynamic rotational amplitude. Besides, the singular 
outer circular resonator configuration eliminates resonant frequency mismatching in 2-DOF 
LTR resonators. 
 
To assist the modeling and design of the driving resonators, comprehensive dynamic models 
of 2-DOF LTR and circular resonators were proposed. The model takes into account practical 
factors, such as weight of suspension springs, fabrication imperfection and large deformation 
geometrical nonlinearities, and is thus capable of providing accurate predictions of the 
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Chapter 4 Single-layered vibratory grating scanner: 
design, fabrication process and characterization  
 
Depending on the location of the diffraction grating platform, MEMS vibratory grating 
scanners can be classified as being single-layered or double-layered. In a single-layered 
vibratory grating scanner, the grating platform is suspended by several suspension flexures at 
its edge and located in the same plane as its driving actuator. The major advantage of 
single-layered vibratory grating scanners is the simplicity of scanner structure and 
micromachining process. This chapter will introduce the design, micromachining process and 
characterization of three prototype single-layered vibratory grating scanners, which are driven 
by 2-DOF LTR, ELTR and circular resonator, respectively.  
 
4.1 Single-layered grating scanner driven by 2-DOF LTR resonator 
In this section, development of single-layered vibratory grating scanner driven by 2-DOF 
LTR resonator is presented. High optical efficiency of more than 75% is experimentally 
achieved with a simple gold-coated binary sub-wavelength grating. The prototype scanner 
with 1mm diameter diffraction grating is capable of achieving an optical scan angle of 13.7º 
with a 632.8nm wavelength incident laser beam at a scanning frequency of 20353Hz. The 
scanned beam quality and optical resolution is measured using stroboscopic method. Little 
dynamic deformation is observed and the measured optical resolution is around 310 pixels 
per-unidirectional scan. Compared with previous developed grating scanners [40-41], 
scanning performances, such as optical efficiency, scanning resolution and frequency, have 
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been significantly improved in this prototype. 
 
4.1.1 Scanner design and simulation 
Simplified schematic illustration of the developed single-layered vibratory grating scanner 
driven by 2-DOF LTR resonator is shown in Figure 4.1.  
 
 
Figure 4.1 Schematic illustration of a single-layered vibratory grating scanner driven 2-DOF 
LTR resonator. 
 
Two sets of electrostatic comb-driven lateral resonators are attached symmetrically opposite 
to a platform with a sub-wavelength diffraction grating through flexure suspensions. The 
diffraction grating has a diameter of 1mm. Each comb-drive resonator has a total number of 
216 movable fingers on one side with finger length of 80µm, width of 6µm, thickness of 
80µm, finger gap of 3µm, and initial finger overlap length of 40µm. The comb-drive 
resonator is suspended by 23 sets of folded-beam suspensions with beams of length 182µm, 
width 7.5µm, and thickness 80µm. The flexure suspension connecting the comb-drive 
resonator to the grating platform consists of a main flexure beam with beam length of 902µm, 
width of 27µm, and thickness of 80µm, and the stress alleviation beams each having a length 
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of 376µm, width of 6µm, and thickness of 80µm. The stress alleviation beams are 
transversely connected to the connection flexural beam allowing it to reduce its axial stress 
during large deformation, hence reducing the nonlinearity of the laser scanner.  
 
Dynamic performances, such as resonant frequencies and mode shapes of the prototype 
scanner are predicted by the established comprehensive analytical model (refer to section 
3.4.1) and FE simulations (type of analysis: natural frequency extraction, element type: 
C3D8R, number of elements: 109296, number of DOF: 6) using the commercial software 
package ABAQUSTM. Material properties of silicon used throughout the dissertation are 
shown in Table 4.1. 
Table 4.1 Material properties of single crystal silicon. 
Material Parameter Value 
 Young’s Modulus 169GPa 
Poisson’s Ratio 0.28 Silicon 
 Density 2330Kg·m-3 
 
The prototype scanner is a 2-DOF vibration system, where two resonating modes are 
expected, namely 1st and 2nd mode. The mode shape can be defined as the ratio of the 
rotational angle of the grating platform to the lateral displacement of the micro resonator. 
Figure 4.2 shows FE simulated mode shapes of both resonating modes of the prototype 
scanner. Due to computing power limitations and the elaborate features in the actual device, 
the model used in FE simulations is simplified. Each comb-driven lateral resonator was 
simplified to an equivalent mass (rigid plate) supported by four flexure beams having the 
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same total spring constant as that of the original 23 sets of folded-beam suspensions. One end 
of each supporting flexural beams was fixed as the boundary condition in the simulation. The 
grating platform, flexure beams connecting the resonators to the platform and their associated 






    Figure 4.2 Mode shapes of (a) 1st and (b) 2nd resonating mode during vibration obtained 
using FE simulation. 
 
The analytical predictions and FE simulation results of the natural frequencies and mode 
shapes of both resonating modes are compared in Table 4.2. Since the influence of the 
fabrication imperfections are very difficult to be included in FE simulations, analytical 
predictions with and without considering fabrication imperfections are made for easy 
comparison. The amount of the fabrication imperfections can be obtained from Figure 3.7. As 
shown in Table 4.2, theoretical predictions agree well with FE simulation results when the 
influence of fabrication imperfections is ignored. Moreover, resonant frequencies drop 
significantly when fabrication errors are considered. 
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Table 4.2 Comparison between theoretically predicted and FE simulated resonant frequencies 











Frequency (Hz) 27348 27314 24632 1st 
Mode Mode ratio (º/µm) 0.50 0.40 0.28 
Frequency (Hz) 31807 31021 28768 2nd 
Mode Mode ratio (º/µm) -0.28 -0.54 -0.56 
 
4.1.2 Fabrication process 
The prototype device was fabricated using SOI micromachining technology. Figure 4.3 shows 
the fabrication process flow. The SOI wafer used in our process consists of an 80μm thick 
n-type heavily doped silicon device layer, a 2μm thick buried oxide (BOX) layer, and a 
650μm thick silicon handle wafer. Total four photo masks were used in the fabrication. 
 
The SOI wafer was firstly coated with a thin positive photoresist layer (resist type: AZ1505, 
thickness: 500nm) and the grating pattern with a period of 500 nm and grating duty circle of 
50% was formed in the photoresist layer using deep-UV lithography. The grating pattern was 
then transferred to the silicon device layer using timed RIE process. The depth of the grating 
groove was controlled to around 125 nm to maximize the diffraction efficiency of the 
first-order diffraction beam. The photoresist layer was then stripped off and a 1μm thick 
undoped silicate glass (USG) layer was deposited on the SOI wafer surface. Next, the SOI 
wafer was again coated with photoresist (resist type: AZ6624, thickness: 2.4µm). After a 
Chapter 4 
88 
photolithography pattern transfer process, 1μm USG layer was patterned by a RIE process 
and the etching stopping on silicon device layer. A subsequent DRIE process etched the 80μm 
silicon device layer and stopped at BOX layer, which formed the vibratory grating platform, 
comb-drive resonators and flexural beams. The SOI wafer was then patterned on the backside, 
and a following DRIE etching removed completely the exposed silicon substrate stopping on 
the BOX layer. After that the scanner structure was released by etching the exposed BOX and 
USG layers using a BOE solution (buffered oxide etchant solution with 6 parts of 40% NH4F 
and 1 part of 49% HF). A 20nm/500nm thick Cr/Au (Chromium/gold) layer was then 
deposited through the shadow mask to the selected areas on the SOI wafer to form the bond 
pads and electrical routing wires. Finally, a 10nm/80nm thick Cr/Au was sputtered on the 
wafer surface to enhance the reflectivity of the optical grating. 
 
 
Figure 4.3 Fabrication process of the prototype 2-DOF LTR resonator driven single-layered 




Figure 4.4(a) shows the fabricated sub-wavelength diffraction grating with a period of 500nm 
and a duty cycle of 50%. SEM image of the fabricated prototype 2-DOF LTR resonator driven 
single-layered vibratory grating scanner is shown in Figure 4.4(b). 
 
 
(a)                                    (b) 
Figure 4.4 SEM images showing (a) sub-wavelength diffraction grating with a period of 
500nm and a duty cycle of 50%; (b) center part of the prototype 2-DOF LTR resonator driven 
single-layered vibratory grating scanner. 
 
4.1.3 Experimental characterizations 
The optical performance of the MEMS grating scanner was tested using a linearly polarized 
632.8nm wavelength He-Ne laser beam at the optimal bow-free incident angle of 28.4º. High 
optical efficiency laser scanning (more than 75% of incident beam can be used for laser 
scanning) was experimentally demonstrated with the TM-polarized laser beam. Figure 4.5 
shows a projected scan-line on a screen located at a distance of 200mm from the grating 
scanner and schematic illustration of the experimental setup. The screen normal was aligned 
parallel to the direction of the first-order diffracted beam when the grating is at rest. The 
MEMS grating scanner was operated in air and each comb-drive resonator was driven by a 
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push-pull mechanism [131] with 45V DC bias and 84V AC peak-to-peak voltages at a driving 
frequency of 20353Hz (close to the resonant frequency of the first vibration mode). The 
optical scan angle is estimated to be around 13.7º. 
 
 
Figure 4.5 Photograph shows the scanning trajectory and the inset shows a schematic 
illustration of the experimental setup. 
 
As expected, the MEMS grating scanner has two vibration/scanning modes. The measurement 
results, theoretical predictions by comprehensive analytical model and FE simulation results 
are summarized in Table 4.3.  
 
As shown in Table 4.3, the measured resonant frequencies are lower than FE simulation 
results due to the well-known fabrication imperfections. Theoretical predictions considering 
fabrication imperfections agree well with measurement results, indicating the validity of the 
comprehensive dynamic model established in section 3.4.1. 
Chapter 4 
91 
Table 4.3 Summary of theoretically predicted, FE simulated and measured resonant 
frequencies as well as mode shapes of the prototype 2-DOF LTR resonator driven 













Frequency (Hz) 27314 24632 20353 1st 
Mode Mode ratio (º/µm) 0.40 0.28 0.24 
Frequency (Hz) 31021 28768 25962 2nd 
Mode Mode ratio (º/µm) -0.54 -0.56 -0.65 
 
The frequency response of the grating scanner was obtained by measuring the length of the 
scan-line on the projection screen while sweeping the driving frequency around the two 
resonant frequencies of the device. The DC bias and AC peak-to-peak voltages were fixed at 
45 V and 84 V, respectively.  
 
  
    (a)                                           (b) 
Figure 4.6 Frequency responses of prototype 2-DOF LTR resonator driven single-layered 




Figures 4.6(a) & (b) show frequency responses of the scanner at frequency regions close to 
the resonant frequencies of the 1st and 2nd resonating modes, respectively. Although the 
scanner demonstrated some level of large-deflection vibration nonlinearity, i.e., the optical 
scan angle is different during forward sweep and reverse sweep, the effectiveness of reducing 
the large-deflection vibration nonlinearity using stress alleviation beams is apparent, 
compared to previously developed prototype without stress alleviation beams [41]. 
 
The scanned-beam quality and resolution of the prototype scanner is tested using stroboscopic 
method. The incident laser beam from the He-Ne laser was strobed using an acousto-optic 
modulator (AOM) to produce light pulses with a full-width-half-maximum (FWHM) pulse 
duration of 25ns synchronized to the device driving signal to ‘freeze’ the motion of the 
scanning beam. The schematic illustration of the experimental setup is shown in Figure 4.7. 
 
 
Figure 4.7 Schematic illustration of experimental setup to investigate the scanned-beam 
quality and optical resolution using stroboscopic method. 
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To enhance the response time of the AOM, the output beam of the He-Ne laser was focused 
into the Bragg cell through a 75mm plano-convex lens to reduce the time required for 
acoustic pulse packets to transmit through the optical beam. The strobed first-order diffraction 
beam from the Bragg cell was then collimate using a 300mm plano-convex lens and directed 
to the MEMS grating scanner at the bow-free incident angle of 28.4º. The first-order beam 
diffracted from the scanner was then focused onto a CCD camera by a 200mm focusing lens. 
The strobed beam positions were controlled by adjusting the phase difference between the 
strobe-pulses and the AC driving signal. The scanner was operated in atmosphere and driven 
by push-pull mechanism with 45 V DC bias and 84 V AC peak-to-peak voltages at the first 




Figure 4.8 Photograph of actual experimental setup investigating the scanned-beam quality 
and optical resolution using stroboscopic method. 
 
Figure 4.9 shows the two-dimensional contour plots of the light intensity distribution of the 
focal spots captured by the CCD camera at four different regions along the scan line, namely 
at the upper extreme position, two-third and one-third of the scan amplitude, and the center of 
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the scan.  
 
Figure 4.9 Light intensity distribution of the focal spots captured by CCD camera. 
 
Normalized intensity profiles along a vertical line (scan direction) through the center of the 
strobed spots were also plotted in the figure. It is observed that the size and shape of the laser 
spots are almost the same at different locations. The intensity profiles of the laser focal spots 
match closely to the theoretical diffraction pattern calculated assuming a uniform illumination 
of the diffraction grating with no dynamic deformation. The average FWHM diameter of the 
focal spots was determined to be about 155µm along the scan direction, representing an 




4.2 Single-layered grating scanner driven by 2-DOF ELTR resonator 
To increase the scanning speed, a 2-DOF ELTR resonator driven single-layered vibratory 
grating scanner with a backside thinned grating platform is developed. The grating platform is 
thinned by a round cavity and reinforced by a circular frame, which are fabricated using 
single mask delay etching (SMDE) technique. This section presents the design, simulation, 
fabrication process and characterization of the high-speed MEMS grating scanner as well as 
the principle and applications of the SMDE technique. When illuminated with a 635nm 
wavelength incident laser beam, the prototype scanner with a 1mm diameter diffraction 
grating is capable of scanning at 50192Hz with an optical scan angle of 14.1º. Compared with 
the prototype scanner discussed in section 4.1, there is a 1.5 times increase of the scanning 
speed with the same grating diameter and optical scan angle. 
 
4.2.1 Single mask delay etching technique 
The single mask delay etching (SMDE) technique utilizes the non-uniformity of the DRIE 
process, due to its well-know loading effects, to regulate the etching rate of a prescribed area 
by using one specially designed photo mask. In the photo mask, the original etching region is 
partitioned into different sections using some narrow dummy line patterns according to the 
required etching rate. In order to implement the SMDE technique, etching rates of trenches 
with different widths using the DRIE process were investigated. Figure 4.10 shows the 
measured averaging etching rates (over 4 hours) as a function of the trench width, which 
varies from 20μm to 1000μm. A masking photoresist layer (MEGAPOSITTM SPRTM 220) with 





Figure 4.10 Average etching rates (over 4 hours) as a function of the trench width.    
Table 4.4 DRIE process parameters of anisotropic silicon etching. 
Gas Flow (sccm) Power(W) 
Process Step 
C4F8 SF6 O2 Coil Platen 
Cycle Time (s)
0 130 13 600 23 8 Etch 
Passivate 110 0 0 600 0 5 
 
As shown in Figure 4.10, the average etching rate increases significantly with increasing 
trench width when the trench width is less than 200μm, and remains unchanged when the 
trench width is around 200μm to 600μm. Moreover, the average etching rate drops when the 
trench width is over 600μm. This is because the micro loading is the major effect of the DRIE 
process while etching narrow trenches. When the etching trench is wide, the macro loading 
becomes the major effect. Figure 4.11 shows white light interferometer-measured bottom 
profiles of trenches with different trench widths. As shown in Figure 4.11, when the trench is 
100μm wide, the bottom profile is concave shaped. With increasing trench widths, the bottom 
profiles vary from the concave shape to the convex shape accordingly and the convexity of a 
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wider trench is more significant. 
 
Figure 4.11 White light interferometer measured bottom profiles of trenches with different 
trench widths, which are formed by a 4 hour DRIE process. 
 
The SMDE technique can be used in the SOI micromachining process to create discrete step 
structures in a silicon device layer through the multi-step DRIE process. The schematic 
illustration of the fabrication process is shown in Figure 4.12. As shown in Figure 4.12, the 
wafer backside is patterned using a specially designed photo mask and etched using the DRIE 
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process. The whole etching region is partitioned into several sub-regions and each region is 
further divided by some dummy fin structures. The etching rate of each sub-region is 
determined by the trench width between the dummy fin structures. Then a recess silicon 
etching process, which is more isotropic, is used to remove all dummy fin structures. The 
process parameters of the silicon recess etching are shown in Table 4.5. After that, the 
multi-step structures are formed and some level of the step structures can be transferred from 
the silicon substrate to the silicon device layer through a subsequent DRIE process. Finally, 
the multi-level structure (shown in Figure 4.12, 5th step) can be realized. This process is very 
useful while fabricating MEMS devices like the micromirror laser scanner, which requires a 
thin torsional spring but a thick mirror body with a reinforcement frame on its backside. In 
this study, the SMDE technique was used to form a round cavity to reduce the rotary inertia of 
the grating platform. 
 
 




Table 4.5 DRIE process parameters of isotropic silicon recess etching. 
Gas Flow (sccm) Power(W) 
Process Step 
C4F8 SF6 O2 Coil Platen 
Cycle Time (s)
0 250 25 500 30 14 Etch 
Passivate 110 0 0 500 0 5 
 
The capabilities of forming multi-level step structures using the SMDE technique were 
experimentally demonstrated. SEM images of fabricated single step circular structures are 
shown in Figure 4.13. 
 
 
Figure 4.13 Circular cavities with different step heights formed using the SMDE technique. 
 
The step height of each structure was measured using a white light interferometer and 
compared with its theoretical estimated value. The theoretical estimation was obtained using 
the product of the relative etching rate and the total etching time. The relative etching rate can 
be calculated using trench widths and the average etching rate relationship (shown in Figure 
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4.10). As shown in Figure 4.13, the step height of a formed circular step structure can be 
controlled by varying the trench width between dummy fin structures and the measurement 
results agree well with the theoretical estimations. Similarly, multilevel step structures can be 
easily formed using the SMDE technique by assigning different trench widths. Figure 4.14 




Figure 4.14 Three-level circular step structure formed using the SMDE technique. 
 
 
Figure 4.15 Polygonal cavities with different shapes formed using the SMDE technique. 
 
Polygonal step structures can also be formed using the SMDE technique, as shown in Fig 4.15. 
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The diameter of the polygon’s incircle and trench width between dummy fins are used to 
calculate the relative etching rate, which determines the step height of the structure. The 
measurement results agree with the theoretical estimations very well. 
 
Moreover, the SMDE technique can be used to improve the uniformity of the etched surface 
in wide trenches after a time consuming DRIE etching processes. Normally, a wide trench has 
a convex etched surface and the depth variation can be several tens of micros if the trench 
width is millimeter level, as shown in Figure 4.11. Figure 4.16 shows an example that the 







Figure 4.16 An example showing (a) Non-uniform etching profile after a 4 hour DRIE process 
and (b) uniformity improved etching profile by using the SMDE technique. 
 
As shown in Figure 4.16(a), without using the SMDE technique, the etching profile of a 2mm 
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wide trench is convex shape and the depth variation is over 20μm. While using the SMDE 
technique, the 2mm wide area is partitioned into several 300μm wide areas using 10μm wide 
dummy lines before etching. After a 4 hour DRIE process, several 300μm wide trenches and 
10μm wide dummy fin structures are formed. After that, a recess etching process breaks all 
dummy fin structures and forms the final etched surface. Since the etched profile in a 300μm 
wide trench is flat (referred to Figure 4.11), the surface roughness is determined by the height 
of the cracked dummy fin structures, as shown in Figure 4.16(b). The height of the residual 
dummy fin can be considered approximately to be its half width. For example, if the width of 
the dummy fin is 10μm, the average roughness of the etched surface can be estimated to be 
less than 5μm. Consequently, the uniformity of the final etched surface can be effectively 
improved using the SMDE technique. 
 
4.2.2 Scanner design and simulation 
Figure 4.17 shows a schematic illustration of the 2-DOF ELTR resonator driven 
single-layered vibratory grating scanner with a backside thinned grating platform. The 
diffraction grating with a period of 400nm is patterned on a round grating platform with a 
diameter of 1mm and a thickness of 80μm. The grating platform is connected to the substrate 
through 20 supporting flexural beams. Among these beams, 12 of them are designed to be 
longer than others to save space. As shown in Figure 4.17, a round cavity, which was formed 
using the SMDE technique, is located at the backside of the grating platform to reduce its 
rotary inertia. The rigidity of the grating platform is ensured by a circular reinforcement frame 
at its edge. The designed diameter and the depth of the round cavity are 850μm and 65μm, 
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respectively. This results in a rotary inertia reduction of 42.4%. In other words, the total 
stiffness can have a reduction of 42.4%, while maintaining the same scanning speed. 
 
 
Figure 4.17 Schematic illustration of a 2-DOF ELTR resonator driven single-layered vibratory 
grating scanner with a backside thinned grating platform. 
Table 4.6 Structural parameters of the 2-DOF ELTR resonator driven single-layered vibratory 
grating scanner. 
 Width (μm) Length (μm) Thickness (μm) 
Longer Supporting Flexural Beam 30 1300 80 
Shorter Supporting Flexural Beam 27 1050 80 
Connection Flexural Beam 27 1050 80 
Stress Alleviation Beam 6 255 80 
Folded Beam Suspension 8 170 80 
Comb Finger 7 64 80 
 
Two sets of electrostatic comb-drive resonators are configured symmetrically and each of 
them is attached to the grating platform through one connection flexural beam. Each of the 
supporting flexural beams and connection beams has two pairs of perpendicularly connected 
stress alleviation beams, which are used to reduce its axial stress during the operation. The 
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micro resonator is suspended by 96 sets of folded beam suspensions and actuated by 
electrostatic comb-drive actuators. Each comb-drive resonator has a total number of 164 
movable fingers on one side. The detailed structural parameters of the high-speed MEMS 
grating scanner are summarized in Table 4.6. 
 
Dynamic performances of the prototype scanner, such as resonant frequencies and mode 
shapes, are predicted by the established comprehensive analytical model (refer to section 
3.4.1) and FE simulations using the commercial software package ABAQUSTM. The 
prototype scanner can be treated as a 2-DOF vibrating system and two resonating modes are 
expected. Figure 4.18 shows FE simulated mode shapes of both resonating modes of the 
prototype scanner. 
 
   
(a)(b) 
Figure 4.18 FE simulation results showing the resonant frequencies and mode shapes of (a) 




The analytical predictions and FE simulation results of the natural frequencies and mode 
shapes of both resonating mode are compared in Table 4.7. Since the influence of the 
fabrication imperfections are very difficult to be included in FE simulations, analytical 
predictions with and without considering fabrication imperfections are made for easy 
comparison. As shown in Table 4.7, theoretical predictions agree well with FE simulation 
results when the influence of fabrication imperfections is ignored.  
Table 4.7 Comparison between theoretically predicted and FE simulated resonant frequencies 











Frequency (Hz) 60006 56913 52261 1st 
Mode Mode ratio (º/µm) 7.64 7.48 6.51 
Frequency (Hz) 69972 69169 61189 2nd 
Mode Mode ratio (º/µm) -0.0178 -0.015 -0.017 
 
4.2.3 Fabrication process 
SOI micromachining technology and the SMDE technique were combined to fabricate the 
prototype device. A total of four photo masks were used. The SOI wafer used in our process 
consists of an 80μm thick n-type heavily doped silicon device layer, a 2μm thick buried oxide 
(BOX) layer, and a 650μm thick silicon handle wafer. The schematic of the fabrication 
process flow is shown in Figure 4.19. As shown in Figure 4.19, the binary diffraction grating 
with a 400 nm grating pitch and a 50% duty cycle was patterned using deep-UV lithography 
and timed plasma etching. The groove depth of the diffraction grating was controlled to be 
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150nm for maximum diffraction efficiency. 
 
 
Figure 4.19 Fabrication process of the prototype 2-DOF ELTR resonator driven single-layered 
vibratory grating scanner. 
 
Then, a 1μm USG layer was deposited on the top of the wafer and patterned using the RIE 
process. The hard mask layer of the grating platform, suspension beams and electrostatic 
comb-drive actuators was defined in this step for the future process. Next, the backside of the 
SOI wafer was grinded and polished until the thickness of the silicon substrate is around 
500μm. After that, the SOI wafer was patterned on the backside using a specially designed 
mask for the future delay etching. The etching region was partitioned to different sections 
with different trench widths by a set of concentric circular dummy fin structures. The region 
of the round cavity of the grating platform has the biggest trench width resulting in highest 
etching rate. The SOI wafer was then etched from its backside by the first DRIE process until 
a few microns of silicon are left in the region of the round cavity. The thickness of the 
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remaining silicon in the etching region was less than 45μm. Next a plasma recess etching 
process removed all the dummy fin structures and exposed the BOX layer in the round cavity 
region. The 2μm BOX layer was then etched through by the subsequent RIE process, which 
stopped at the silicon device layer. Next, the round cavity region and the rest were etched 
simultaneously by the second DRIE process. The etching process stopped when the depth of 
the round cavity was around 65μm. All the BOX layer of the rest of the etching region was 
exposed and etched in the following RIE process. Subsequently, the 80μm thick silicon device 
layer was etched by another DRIE process to form the grating platform, suspension beams 
and comb-drive actuators. All structures were then released from the backside using a BOE 
solution. After that, a 100nm/500nm thick Ti/Au layer, which is used as the metal pad for wire 
bonding, was evaporated on the top of the wafer through a shadow mask. Finally, a 
10nm/80nm Ti/Au layer was evaporated on the wafer’s top surface to enhance the reflectivity 
of the diffraction grating.  
 
 
Figure 4.20 SEM image showing the cross-sectional view of the fabricated sub-wavelength 
diffraction grating with a grating period of 400nm. 
 
Figure 4.20 shows the cross-sectional view of the fabricated sub-wavelength diffraction 
Chapter 4 
108 
grating with a grating period of 400 nm using a SEM image. The whole view of the fabricated 
device is shown by a microscopic image in Figure 4.21. Figures 4.22(a) & (b) are SEM 
images showing the top and bottom view of the fabricated device, respectively. 
 
 
Figure 4.21 Microscopic image showing the whole view of the fabricated device. 
 
  
(a)                                           (b) 
Figure 4.22 SEM images showing the (a) top view and (b) bottom view of the fabricated 
device. 
 
The backside profile of the grating platform with the round cavity is measured using a white 
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light interferometer and the measurement results are shown in Figure 4.23. The diameter and 
the depth of the round cavity are measured to be 842μm and 64.85μm. The measurement 




Figure 4.23 White light interferometer measurement results of the round cavity and circular 
reinforcement frame on the backside of the grating platform. 
 
4.2.4 Experimental characterization 
The optical and dynamic performances of the prototype device were tested using a linear 
polarized laser beam with a wavelength of 635nm from a 5mW laser diode module. The 
incident angle of the illuminated laser beam was determined to be 73.3º so that the bow-free 
scanning trajectory can be achieved. The optical efficiency of the 400nm diffraction grating 
was measured and the experimental setup is shown in Figure 4.24. The incident laser beam 
firstly went through a tunable polarizer and was then split into two beams by a beam splitter. 
One beam illuminated on a photo detector and the other beam illuminated on the diffraction 
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grating. The intensity of the first-order diffraction beam was measured by another photo 
detector and the zeroth-order beam was dumped. The diffraction efficiency was then 
calculated according to the readings from the two photo detectors. 
 
 
Figure 4.24 Schematic of the experimental setup measuring the diffraction efficiency of the 
fabricated grating. 
 
Figure 4.25(a) shows the measured first-order diffraction efficiency versus the polarization 
angle. When the polarization of the incident beam varies from TE polarization (parallel to the 
grating lines) to TM polarization (perpendicular to the grating lines), the diffraction efficiency 
increases from 7% to 63%. Therefore, TM polarization is preferred due to higher diffraction 
efficiency achieved. Since the diffraction efficiency is polarization dependent, the intensity 
variation of the scanned beam during scanning is also measured. Figure 4.25(b) shows the 
measured scanned beam efficiency versus the optical scan angle for TM-polarization. The 
measurement results show that the efficiency decreases slightly from the center to the end of 




   
(a)                                               (b) 
Figure 4.25 (a) Measured 1st order diffraction efficiency versus the polarization angle; (b) 
measured scanned beam efficiency versus the optical scan angle for TM-polarization. 
 
The experimental setup for the dynamic performance characterization is shown in Figure 4.26. 
The prototype scanner was mounted in a vacuum chamber with a vacuum pressure of 
0.12mTorr to raise the quality factor. Each electrostatic comb-drive resonator was driven by a 
push-pull mechanism with a DC bias and an AC sinusoidal signal. A projection screen and a 
beam dump were aligned perpendicular to the first- and zeroth-order diffracted beams 
respectively when the diffraction grating remained motionless. After applying voltages to the 
driving actuators, the grating platform vibrates resonantly and the first-order diffraction beam 
scans accordingly while the zeroth-order beam remains stationary. The scanning trajectory of 
the 1st order diffraction beam was projected on the projection screen and the zeroth-order 
diffraction beam was dumped. The optical scan angle was determined by measuring the 
length of the projected laser trajectory and the distance between the screen and the device. 
The prototype scanner with a 1mm diameter diffraction grating was capable of scanning at a 




Figure 4.26 Schematic of the experimental setup for measurement of dynamic performances. 
 
As expected, the MEMS grating scanner has two vibration/scanning modes. Since the 
scanning angle in atmosphere is very small, measurement of the mode shape is very difficult. 
The measurement resutls, theoretical predictions by comprehensive analytical model and FE 
simulation results are summarized in Table 4.8, which again verified the validity of the 
comprehensive dynamic model established in section 4.1.3. 
Table 4.8 Summary of theoretically predicted, FE simulated and measured resonant 
frequencies as well as mode shapes of the prototype 2-DOF ELTR resonator driven 













Frequency (Hz) 56913 52261 50192  1st 
Mode Mode ratio (º/µm) 7.48 6.51 N/A 
Frequency (Hz) 69169 61189 60273 2nd 




The frequency response of the prototype scanner was obtained through sweeping the 
frequencies of the driving AC sinusoidal signal. Although there are two resonating modes, the 
2-DOF ELTR resonator driven single layered grating scanner was designed to scan at 
frequencies near its first resonating mode. The reason is that the first resonating mode has a 
higher mode ratio resulting in larger scanning amplitudes, less risk of brittle fracture of the 
connection flexural beams, compared with the second resonating mode.  
 
     
(a)                                               (b) 
Figure 4.27 (a) Measured frequency response of the prototype scanner in vacuum at the 
region near its first resonating mode; (b) photograph of the laser scanning trajectory of the 
prototype scanner on a projection screen. 
 
With driving voltages of 100V DC bias and 200 V AC peak-to-peak voltages, the frequency 
response of the prototype scanner near the region of its working mode was obtained and 
shown in Figure 4.27(a). Figure 4.27(b) shows the photograph of the experimental setup and 
the projected laser scanning trajectory on the screen, which is located at a distance of 200 mm 




4.3 Single-layered grating scanner driven by 2-DOF circular 
resonator 
To increase scanning amplitudes, a single-layered grating scanner driven by 2-DOF circular 
resonator was developed and presented in this section. Multiple-spring suspensions minimize 
the internal stresses during scanning resulting in large scanning amplitudes. The prototype 
scanner with a 1 mm diameter diffraction grating is capable of scanning at 20289Hz with an 
optical scan angle of around 25°. Compared with the prototype scanner discussed in section 
4.1, there is an over 80% increase of the optical scan angle while keeping the grating diameter 
and scanning speed unchanged. Besides, since only one micro resonator rather than 
previously several symmetrically configured micro resonators is adopted, it will not encounter 
resonant frequency mismatch problem due to uncertainties and imperfections in the micro 
fabrication process. 
 
4.3.1 Scanner design and simulation 
The schematic illustration of the micromachined 2-DOF circular resonator driven 
single-layered grating scanner is shown in Figure 4.28. In order to ensure enough beam size 
of the scanned light, diameter grating with a diameter of 1mm is adopted. The round platform 
is connected to the outer circular comb-drive resonator through 16 connection flexural beams. 
The suspension flexural beams were designed to achieve operational scanning frequency and 
appropriate mode shapes. Among the 16 single beam suspensions, 8 of them are designed to 
be longer than the others in order to save space. The dimensions of the eight beams are 18µm 
wide and 1400µm long and the rest are 15µm wide and 1050µm long. Each of the connection 
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flexural beams has 2 pairs of perpendicularly connected stress alleviation beams with a width 
of 7µm and a length of 410µm, which are used to reduce its axial stress during large 
deformation. The outer circular comb-drive resonator is suspended by 40 symmetrically 
configured circular folded beam suspensions with beams of width 18µm and length 405µm 
and driven by electrostatic circular comb-drive actuators. There are 264 movable circular 




Figure 4.28 Schematic illustration of the micromachined 2-DOF electrical comb driven 
circular resonator driven in-plane vibratory grating scanner.  
 
Dynamic performances, such as resonant frequencies and mode shapes of the prototype 
scanner are predicted by the established comprehensive analytical model (refer to section 
3.4.2) and FE simulations using the commercial software package ABAQUSTM. In the 2-DOF 
circular resonator, two resonating modes are expected during vibration, namely 1st and 2nd 
mode. The mode shape can be defined as the ratio between the rotational angle of the grating 
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platform and the outer circular resonator. Figure 4.29 shows FE simulated mode shapes of 
both resonating modes of the prototype scanner. 
 
 
(a)                                                 (b) 
Figure 4.29 Mode shapes of (a) 1st and (b) 2nd resonating mode during vibration obtained 
using FE simulation. 
 
The analytical predictions and FE simulation results of the natural frequencies and mode 
shapes of both resonating mode are compared in Table 4.9. As shown in the table, theoretical 
predictions agree well with FE simulation results when the influence of fabrication 
imperfections is ignored. 
Table 4.9 Comparison between theoretically predicted and FE simulated resonant frequencies 











Frequency (Hz) 24435 24154 20730 1st 
Mode Mode ratio  126.00 122.45 124.19 
Frequency (Hz) 30928 30651 26171 2nd 




4.3.2 Fabrication process 
SOI micromachining technology was used to fabricate the prototype device and four photo 
masks were used. The fabrication process flow is illustrated in Figure 4.30. The SOI wafer 
used has an 80µm thick heavily doped silicon device layer, 2µm thick BOX layer and a 
650±25µm thick silicon substrate. 
 
 
Figure 4.30 Fabrication process flow of the prototype in-plane vibratory grating scanner. 
 
As shown in Figure 4.30, the diffraction grating has similar 400nm grating period and 50% 
duty cycle with a depth of around 150nm. Then, 1µm USG layer was deposited and patterned 
by using RIE process. Next, the SOI wafer was patterned on the backside followed by a DRIE 
process, which is used to remove silicon and expose the region of all the structures. The 
etching process stopped at the BOX layer. Subsequently, the 80µm thick silicon device layer 
was etched by another DRIE process, which is also stopped at the BOX layer, to form the 
grating platform, circular comb-drive actuator and suspension beams. After that, the structures 
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formed in SOI device layer were release from backside by using BOE solution. Then, the 
metal pads for wire bonding were formed by evaporating 100nm/500nm thick Ti/Au layer 
through a shadow mask. Finally, a 10nm/80nm Ti/Au layer was evaporated on the wafer 
surface to enhance the reflectivity of the diffraction grating.  
 
The whole view and the center part of the fabricated device are shown by a microscope image 
and a SEM image in Figures 4.31(a) & (b), respectively. 
 
   
(a)                                            (b) 
Figure 4.31 (a) Microscopic image showing the whole view and (b) SEM image showing the 
center part of the fabricated prototype scanner. 
 
4.3.3 Experimental characterizations 
The optical performance of the MEMS grating scanner was tested using a linearly 
TM-polarized He-Ne laser beam with a wavelength of 632.8 nm. Similar experimental setup 
to the one shown in Figure 4.26 was used by replacing the laser diode with the He-Ne laser 
source. The incident angle was determined to be 71.8° for a 400nm period diffraction grating 
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to satisfy bow-free scanning conditions. 
 
The dynamic performance of the prototype scanner was tested in both atmosphere and 
vacuum. As expected, two resonating modes exist. The optical scan angle was measured 
through measuring the length of the laser scanning trajectory on the projection screen, which 
was aligned perpendicularly to the 1st order diffracted beam when the grating is motionless. 
The outer circular comb-drive resonator was driven by a push-pull mechanism. While tested 
in atmosphere (760Torr), the driving voltages were fixed at 80V DC bias and 160V AC 
peak-to-peak. Further increasing the driving power may cause the instability of the 
electrostatic circular comb-drive actuator. Figure 4.32 (a) & (b) show the measured frequency 
responses in atmosphere. The resonant frequencies of the 1st and the 2nd resonating modes 
were experimentally determined as 20182Hz and 21910Hz with an optical scan angle of 20.8º 
and 18.1º, respectively. 
  
(a)                                             (b) 
Figure 4.32 Measured frequency responses of the prototype scanner in atmosphere at 
frequency regions near the resonant frequencies of (a) the 1st and (b) the 2nd modes. 
 
While tested in vacuum (0.12mTorr), the driving voltage was fixed at 15V DC bias and 30 V 
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AC peak-to-peak. Further increasing the driving power may cause the brittle fracture of the 
main flexural suspension beams. Figure 4.33 (a) & (b) show measured frequency responses in 
vacuum. The resonant frequencies of the 1st and 2nd resonating modes were experimentally 
determined as 20289Hz and 21918Hz with an optical scan angle of 24.8º and 18.2º 
respectively.  
 
    
(a)                                                 (b) 
Figure 4.33 Measured frequency responses of the prototype scanner in vacuum at frequency 
regions near the resonant frequencies of (a) the 1st and (b) the 2nd modes. 
 
The scanner demonstrated some level of large-deflection nonlinearity during vibration. For 
example, the scanner’s optical scanning angle is different during the forward and backward 
driving frequency sweeping. Besides, there are slight differences between measured resonant 
frequencies in atmosphere and vacuum. The linearity of the vibration can be further improved 
by reducing the stiffness of the stress alleviation beams along the axial direction. 
 
According to the dynamic testing results, operating in vacuum and scanning at the frequency 
near the resonant frequency of the 1st resonating mode are preferred due to lower driving 
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voltage, higher scanning amplitude and less risk of brittle fracture of the main flexural 
suspension beams. High-speed laser scanning was experimentally demonstrated and Figure 
4.34 shows a photograph of the projected laser scanning trajectory on a projection screen, 
which is located at a distance of 100mm from the grating scanner. 
 
 
Figure 4.34 Photograph of the experimental setup for the prototype scanner. 
 
The resonant frequencies and mode shapes of the prototype scanner were also measured on 
probe station under microscope in atmosphere. The driving power was selected to be 50V DC 
bias and 100V AC peak-to-peak voltages to avoid large-deflection nonlinearity during the 
vibration. The measured resonant frequencies and mode shapes of the prototype device are 
compiled in Table 4.10, which shows the comparisons between theoretical analyses and 
experimental results.  
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Table 4.10 Summary of theoretically predicted, FE simulated and measured resonant 
frequencies as well as mode shapes of the prototype 2-DOF circular resonator driven 
single-layered grating scanner. 
Predictions Measurements 

















(Hz)  24154 20730 20095 20182 20289 1
st 
Mode 
Mode shape 122.45 124.19 94.76 N/A N/A 
Frequency 
(Hz) 32013 26171 21806 21910 21918 2
nd 
Mode 
Mode shape -2.59 -2.59 -18 N/A N/A 
 
As shown in Table 4.10, the comprehensive dynamic model for 2-DOF circular resonator 
(established in section 3.4.2) could provide accurate prediction of both resonant frequencies 
and mode shapes. The deviations between the theoretical and experimental results are 
acceptable and mainly due to the uncertainty in fabrication process, material properties and 
imperfect boundary conditions of the suspension. Besides, the measured resonant frequencies 
vary with different driving conditions, which is mainly due to the large-deflection 
nonlinearity during the vibration and different viscous damping while testing. 
 
4.4 Summary 
In this chapter, three single-layered vibration grating scanners were demonstrated. Design and 
modeling using the established comprehensive dynamic model were performed. The validity 
of the analytical model was verified by comparing the theoretical predictions, FE simulation 
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results and experimental measurements. The salient performance parameters of the developed 
scanners are summarized in Table 4.11. 












1mm 13.7º 13.7 deg·mm 20353Hz 
2-DOF ELTR 
resonator driven 1mm 14.1º 14.1 deg·mm 50192Hz 
2-DOF circular 
resonator driven 1mm 25° 25 deg·mm 20289Hz 
 
The prototype grating scanner driven by a 2-DOF LTR resonator with a 1mm diameter grating 
is able to achieve an optical scan angle of 13.7º with a scanning frequency of 20353Hz in air. 
Compared with the previously developed grating scanner, there is a 70% and 1.4 times 
increase in optical resolution and scanning speed, respectively. The good scanned beam 
quality was experimentally verified by the stroboscopic method. 
 
A novel SMDE technique was proposed and applied to further improve the performance of 
the vibratory grating scanner. A single-layered grating scanner driven by the 2-DOF ELTR 
resonator was successfully fabricated. The prototype scanner with a backside thinned grating 
platform and thick suspension springs is capable of achieving an optical scan angle of 14.1º 
and a scanning frequency of 50192Hz in vacuum. Compared with the previously developed 
single-layered 2-DOF LTR resonator driven grating scanner, there is a 1.5 times increase in 
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scanning speed while keeping the scanning amplitude the same. 
 
The single-layered grating scanner driven by the 2-DOF circular resonator was developed to 
further increase the scanning amplitudes. Multiple-spring suspensions reduce internal stress 
level in flexural beams resulting in an increase of the maximum scanning amplitude. In 
addition, configuration of a single outer resonator eliminates the resonant frequency 
mismatching issue, which is common in 2-DOF LTR resonator driven scanners. The 
prototype scanner with a 1 mm diameter diffraction grating is capable of scanning at 20289Hz 
in vacuum with an optical scan angle of around 25°. Compared with the previously developed 
2-DOF LTR resonator driven single-layered grating scanner, there is an over 80% increase of 
the optical resolution while keeping the scanning speed unchanged.  
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Chapter 5 Double-layered vibratory grating scanner: 
design, fabrication process and characterization 
 
A grating scanner can be configured either single- or double-layered, as discussed in previous 
chapters. Compared with single-layered grating scanners, double-layered scanners, in which 
the diffraction grating and its driving actuator are located in different layers, have the 
potential to scan at large amplitudes at high scanning speeds with large aperture sizes. To 
further enhance the optical resolution, a double-layered vibratory grating scanner driven by 
2-DOF circular resonator is developed and presented in this chapter in detail. The prototype 
scanner with a 2mm diameter diffraction grating is capable of achieving an optical scan angle 
of 33.5º at a scanning frequency of 21591Hz. This results in a θOptD product of 67 deg·mm. 
Compared with previously developed single-layered grating scanner driven by 2-DOF 
circular resonator, there is a large increase of θOptD product with a similar scanning speed. 
 
5.1 Double-layered configuration 
Three prototype single-layered vibratory grating scanners (shown in Figure 5.1(a)), where the 
grating platform and its driving actuator are located in the same plane, have been 
demonstrated in the previous chapter. Although adopting the single-layered configuration 
makes the fabrication process simple, further improvements of the optical performance are 
hindered. As the rotation angle of the grating platform is inversely proportional to the 
diameter of the diffraction grating platform, the aperture size and the optical scan angle 
cannot be increased simultaneously for a given maximum allowable deformation of the 
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platform suspension flexures. In addition, increasing the diameter of the grating platform will 
increase its rotational inertia and the stiffness of the suspension flexures would have to be 
increased by either widening or shortening the flexures to maintain the same scanning 







Figure 5.1 Schematic illustration of grating scanners with (a) single-layered and (b) 
double-layered configurations. 
 
Double-layered vibratory grating scanners, in which the grating platform and its driving 
actuator are located in different layers, are proposed to improve the optical performance 
instead. As shown in Figure 5.1(b), the grating platform is located at the top layer and 
connected to a connection platform through a round pillar at its center. The connection 
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platform and driving actuator are located in a separate layer below the grating and are 
supported by several flexures. Under this configuration, the rotation angle of the grating 
platform is no longer determined by the size of the diffraction grating but by the diameter of 
the connection platform. Therefore, the size of the diffraction grating can be increased and the 
size of the connection platform can be reduced to a minimum, thus increasing the aperture 
size and the scanning amplitude simultaneously. This configuration significantly boosts its 
optical resolution. Furthermore, the double-layered configuration allows the thickness of the 
grating platform and suspension flexures to be independent of each other. This is highly 
advantageous for high-speed scanning. It is well-known that increasing the diameter of the 
grating platform will increase its rotational inertia. However, high-speed resonant scanning 
can be maintained by either thinning the grating platform or thickening the suspension 
flexures together with the driving comb-drives. The former is not likely to result in dynamic 
deformation of the grating platform and the latter will reduce the stress level in the suspension 
flexures. Consequently, double-layered vibratory grating scanners are capable of scanning at 
high speeds with large scanning amplitudes and having large grating aperture sizes. 
 
5.2 Scanner design and simulation 
Different ways can be used to fabricate the electrostatic double-layered vibratory grating 
scanner, such as the multi-layer surface micromachining process [47], the wafer bonding 
process [64] and the post assembly process. In this study, a combination of the bulk 
micromachining process and the post assembly process to fabricate the device was adopted. 
The proposed fabrication scheme not only reduces the complexities and difficulties of the 
Chapter 5 
128 
device fabrication but also supplies enough flexibility to the device design. The schematic 
illustration of the assembled double-layered vibratory grating scanner is shown in Figure 5.2. 
 
 
Figure 5.2 Schematic illustration of an assembled double-layered vibratory grating scanner. 
 
The grating platform with diffraction grating on its top and the connection pillar on its back as 
well as the driving actuator are designed and fabricated separately using the bulk 
micromachining process. The grating platform with the connection pillar is schematically 
shown in Figure 5.3.  
 
 




The diffraction grating, with a 400nm grating pitch and 2mm diameter, is patterned on the 
front side of the circular grating platform, which has a radius and thickness of 1010µm and 
10µm respectively. The connection pillar is attached to the backside of the grating platform at 
its center. Its radius and the thickness are 150µm and 200µm respectively.  
 
The schematic illustration of the 2-DOF electrostatic comb-driven circular resonator, which 
acts as the driving actuator, is shown in Figure 5.4.  
 
 
Figure 5.4 Schematic illustration of the electrostatic 2-DOF circular resonator. 
 
The circular connection platform, with a mounting hole at its center, is connected to an outer 
comb-driven circular resonator through 28 connection flexural beams. Each of them has two 
pairs of perpendicularly connected stress alleviation beams. The radius of the connection 
platform and the mounting hole are 250µm and 150µm, respectively. Among the 28 
connection flexural beams, 14 beams are 21µm wide and 1300µm long and the rest are 23µm 
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wide and 1500µm long. Each stress alleviation beam has a width of 6µm and a length of 
255µm. The outer circular resonator is suspended by 32 sets of circular folded beam 
suspensions with beams of width 17µm and length 340µm. There are 280 movable circular 
fingers for one-side driving with finger width 7µm, finger gap 4µm and initial finger overlap 
angle 0.7°. The thickness of all the structures in the driving actuator layer is 80µm.  
 
The fabricated grating platform as well as the 2-DOF circular driving resonator are assembled 
together manually by using an in-house developed manual aligner and bonded together using 
the epoxide resin. The manual assembly process is developed for proof-of-concept and it can 
be replaced by a customized semi-auto or auto machinery assembly process for mass 
production, such as the die attachment process in photonics packaging. The detailed 
fabrication and manual assembly processes will be discussed in detail in the next section. 
 
FE simulations were conducted to examine the scanner’s resonant frequencies and mode 
shapes using the commercial software package ABAQUSTM without considering geometric 
nonlinearity of the connection flexural beams. The mode shape is defined as the ratio of the 
rotational angle of the diffraction grating to the outer resonator. Figure 5.5 shows the 
simulation results. For the 1st resonating mode, the diffraction grating and the driving 
resonator rotates in a same direction with a ratio of 88.73 at a frequency of 26204Hz. For the 
2nd resonating mode, the diffraction grating rotates in the opposite direction from the driving 
resonator. The resonant frequency is 42670Hz and the mode shape is -1.17. The scanner is 
designed to work at the 1st resonating mode due to its higher mode ratio, which results in 
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larger scanning amplitudes with less risk of brittle fracture of the platform suspension flexures 
comparing to the second resonant mode. For the second resonant mode, due to the small 
travel range of the circular comb-drive actuator coupled with the low mode ratio, the scanning 
amplitude obtainable is very small and further increasing the driving power may cause 
instability of the circular comb-drive actuator. 
 
 
(a)                                             (b) 
Figure 5.5 FE simulation results showing the resonant frequencies and mode shapes of (a) the 
1st and (b) the 2nd resonating mode. 
 
Large deformation geometric nonlinearity of connection beams is expected, which can cause 
the resonant frequency to vary with different scanning amplitudes. The frequency shifting can 
be predicted using the analytical model of the 2-DOF circular resonator developed in section 
3.4.3, which considers the geometrical nonlinearity. Resonant frequencies are normalized by 
their linear resonant frequencies for easy comparison. Figure 5.6 shows the prediction of 






Figure 5.6 Theoretical predictions of resonant frequency variations of the 1st resonating mode. 
 
5.3 Fabrication process 
5.3.1 Diffraction grating, grating platform and connection pillar 
The most straight forward method to fabricate the thin diffraction grating platform and its 
backside pillar is using SOI wafers. The schematic illustration of the fabrication process flow 
is shown in Figure 5.7. SOI wafers with a 10µm thick silicon device layer, a 2µm thick BOX 
layer and a 750µm thick silicon substrate were used in the fabrication process.  
 
As shown in Figure 5.6, a 200nm low-pressure chemical vapor deposition (LPCVD) silicon 
nitride layer was first deposited on both sides of the SOI wafer. The top layer was then 
removed by a RIE process. Next, the diffraction grating with a 400nm grating period and 50% 
duty cycle was patterned using deep-UV lithography and a timed RIE process. The depth of 
the grating groove is controlled to be 150nm for maximum diffraction efficiency. The 10µm 
thick silicon device layer was patterned and etched through to form the grating platform by 
using DRIE process, which stopped at the BOX layer. A 2.4µm thick photoresist layer (resist 
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type: AZ6624) was used as the masking layer. Then LPCVD silicon nitride layer on the 
backside of the SOI wafer, which served as the hard mask for the following wet-etching 
process, was patterned using RIE. Subsequently, a 550µm deep square cavity, which thinned 
down the silicon substrate to 200µm, was formed by wet anisotropic Si etch in KOH solution 
(35 wt%, 75ºC). After that, a 1µm plasma-enhanced chemical vapor deposition (PECVD) 
USG layer was deposited onto the SOI wafer’s backside and the bottom of the etched cavity 
and patterned using RIE process. The connection pillar was then formed by another DRIE 
process, which stopped at the BOX layer. Finally, the exposed BOX layer was etched from 
the backside by using BOE solution. 
 
 
Figure 5.7 Initial micromachining process used to fabricate the grating platform with the 
diffraction grating and the connection pillar. 
 
The thickness of the grating platform was accurately defined by the thickness of the silicon 
device layer and the thickness of the connection pillar is defined by the depth of the backside 
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cavity, formed by wet anisotropic Si etch which has excellent etching uniformity. Grating 
platforms and connection pillars with different dimensions can be easily fabricated by simply 
choosing SOI wafers of the required specifications and tuning process parameters.  
 
Although using the fabrication process based on SOI wafer is simple and offers precise 
control of the thickness of the grating platform, the residual stress in the BOX layer deforms 
the thin grating platform statically. Figure 5.8 shows a measured profile of the grating 
platform using a white light interferometer.  
 
 
Figure 5.8 White light interferometer measured surface profile of the diffraction grating 
fabricated using SOI wafers. 
 
Since small deformations of the grating platform will bring about significant aberration to the 
optical system and degrade the optical performance, the thickness of the grating platform has 
to be thick enough to eliminate this effect, which unfortunately increases the rotational inertia. 
This prevents the potential advantages of the double-layered configuration to be fully utilized. 
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Besides, the usage of SOI wafers may increase the total cost. 
 
To eliminate the influence of the residual stress in the BOX layer and further reduce the total 
cost, an improved micromachining process based on normal bulk silicon wafers has been 
developed. Compared with SOI wafers, bulk silicon wafers are much cheaper and without any 
residual stress problem, yielding flatter grating platform with higher optical quality. 
 
In the modified process, the thickness of the grating platform is determined by the process 
parameters, which offers flexibility in choosing the thickness of the grating platform. Figure 
5.9 shows the schematic of the improved micromachining process to fabricate the diffraction 
grating, grating platform and backside pillar. Normal single-side polished bulk silicon wafers 
with a thickness of 750µm were used in the fabrication process. 
 
 
Figure 5.9 Improved micromachining process used to fabricate the diffraction grating, grating 
platform and connection pillar. 
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As shown in Figure 5.9, a 200nm thick LPCVD silicon nitride layer was deposited on both 
sides of the wafer and the top layer was removed by a following RIE process. Then, the 
diffraction grating was patterned and etched using deep-UV lithography and timed RIE 
process. The depth of the grating groove is controlled to be 150nm for maximum diffraction 
efficiency. Next, the grating platform was formed by a 1st DRIE process. The depth is 
controlled to be 10µm, which defines the thickness of the grating platform and serves as an 
etching stop mark for the following process. A 2.4µm thick photoresist layer (resist type: 
AZ6624) was used as the masking layer. The LPCVD layer on wafer’s backside was 
patterned using RIE and a 550µm deep square cavity was formed by wet anisotropic Si etch 
in KOH solution (35 wt%, 75ºC). A 1µm PECVD USG layer was deposited onto the wafer’s 
backside and patterned using RIE. Finally, the connection pillar was formed and the grating 
platform was released by the 2nd timed DRIE process which stopped when trenches formed by 
the 1st DRIE process were fully exposed. Figure 5.10(a) shows a SEM image of the 
fabricated grating platform and connection pillar. The improvement on static flatness was 
verified by white light interferometer measurement result, as shown in Figure 5.10(b). 
 
  
(a)          (b) 
Figure 5.10 (a) SEM image of the fabricated grating platform and the connection pillar; (b) 
white light interferometer measurement static deformation of the diffraction grating. 
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5.3.2 Electrostatic comb-driven 2-DOF circular resonator 
The electrostatic comb-driven 2-DOF circular resonator was fabricated using SOI 
micromachining technology. The SOI wafer has a 80µm thick heavily doped silicon device 
layer, a 2µm thick BOX layer and a 650µm thick silicon substrate. The fabrication process 
flow is illustrated in Figure 5.11. 
 
 
Figure 5.11 Fabrication process flow of the electrostatic comb-driven 2-DOF circular 
resonator. 
 
As shown in Figure 5.11, a 1µm PECVD USG layer was deposited onto the SOI wafer’s front 
side and patterned by using a RIE process. It was subsequently used as the hard mask for the 
following DRIE etching process. The SOI wafer was patterned on its backside and the 650µm 
thick silicon substrate was etched through by a following DRIE process to expose the region 
encompassing all the structures. The BOX layer was used as a stop layer for the DRIE etching 
process. Next, the 80µm thick silicon device layer was etched through from the wafer’s front 
side by another DRIE process, which is also stopped at the BOX layer. After this step, the 
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connection platform with a mounting hole, the circular comb-drive actuator and suspension 
flexures were formed. The USG layer on the wafer’s front side and the exposed BOX layer 
were etched away in BOE solution so that all the structures formed in the silicon device layer 
were released. Finally, the metal pads for wire bonding were formed by evaporating 
100nm/500nm thick Ti/Au layer through a shadow mask. Figure 5.12 shows a microscopic 
image of the fabricated 2-DOF electrostatic comb-driven circular resonator. 
 
 
Figure 5.12 Microscopic image of the fabricated electrostatic comb-driven 2-DOF circular 
resonator. 
 
5.3.3 Manual assembly process 
After the grating platform and its driven 2-DOF circular resonator have been fabricated, they 
were assembled manually using an in-house developed manual aligner, as shown in Figure 

















As shown in 5.14(a), both the grating platform and 2-DOF electrostatic comb-driven circular 
resonator were turned upside down before assembly. A silicon substrate with a circular cavity 
located at its center, which acts as a mold during the manual assembly process, was designed 
and fabricated using the bulk micromachining process. The circular cavity having diameter 
2050µm and depth 90µm was formed by a timed DRIE process, ensuring that the bottom of 
the cavity is parallel to the surface of the substrate. Then the grating platform was placed 
inside the circular cavity with connection pillar facing upwards. The driving resonator was 
held by a gripper attached to a 3-axes precision positioner. The 2-DOF circular resonator was 
then aligned under a microscope so that the mounting hole and the connection pillar were 
concentric. Next, the 2-DOF circular resonator was pressed tightly until it contacts the surface 
of the fixed silicon substrate. Meanwhile, the connection pillar was inserted into the mounting 
hole, as shown in Figure 5.14(b). The gap between the grating platform and the 2-DOF 
circular resonator was determined by the depth of the circular cavity in the silicon substrate. 
The parallelism between the diffraction grating and its driving actuator was ensured by the 
accuracy of the fabricated silicon substrate. Finally, the connection pillar and the connection 
platform were bonded together by AralditeTM 2012 Epoxy Adhesive (as shown in Figure 
5.14(c)) and cured in an oven with a temperature of 40ºC for 2 hour to achieve full strength of 
25 to 30MPa. Figure 5.15 shows the whole view and the part of the assembled electrostatic 





Figure 5.15 Images of the assembled prototype double-layered vibratory grating scanner. 
 
The backside view of the assembled device and the magnified view of the epoxide resin 
anchor are shown in Figure 5.16. 
 
 
Figure 5.16 Microscopic images showing the backside of the assembled double-layered 
grating scanner and the magnified view of the epoxide resin anchor. 
 
Since the MEMS vibratory grating scanner utilizes the in-plane rotational motion of a 
diffraction grating to scan the laser beam, the parallelism between the diffraction grating and 
the rotational plane is a very important factor that influences the quality of the laser scanning 
trajectory. To evaluate the accuracy of the proposed manual assembly process, the parallelism 
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of the diffraction grating and its driving actuator was measured using a white-light 
interferometer, as shown in Figure 5.17. The measurement result shows that the slope angle of 
the diffraction grating relative to its driving actuator is only 0.0297º, a value so small that it 
has negligible effect on the quality of the laser scanning trajectory. This indicates that the 
proposed manual assembly process is sufficiently accurate for the proposed electrostatic 
double-layered vibratory grating scanner. 
 
 
Figure 5.17 White light interferometer measurement result of the parallelism between the 
diffraction grating and its driving actuator. 
 
5.4 Experimental characterizations 
5.4.1 Dynamic characterizations 
The dynamic performance of the prototype electrostatic double-layered vibratory grating 
scanner was tested using a linearly polarized He-Ne laser beam with a wavelength of 632.8nm. 





Figure 5.18 Schematic illustration of the experimental setup for dynamic characterization. 
 
The incident angle of the illuminated laser beam was determined to be 71.8º to achieve 
bow-free scanning for a 400nm pitch diffraction grating. The prototype grating scanner was 
mounted in a vacuum chamber and tested under both atmospheric and vacuum pressure 
(0.12mTorr). The electrostatic 2-DOF circular resonator was driven by a push-pull 
mechanism. A projection screen was placed 100mm away and aligned perpendicular to the 
direction of the 1st order diffracted beam when the grating is stationary. The optical scan angle 
was obtained through measuring the length of the scanning trajectory. Figure 5.19 shows a 
photograph of the projected laser scanning trajectory on a projection screen. While tested in 
atmosphere, the driving voltages were fixed at 100V DC bias and 200V AC peak-to-peak 
voltages. The prototype device with a 2mm diameter diffraction grating was capable of 
scanning at 21336Hz with an optical scan angle of 21º, resulting in θOptD product of 42 
deg·mm. While tested in vacuum condition with a pressure of 0.12mTorr, the driving voltages 
were fixed at 65V DC bias and 130V AC peak-to peak voltages. The scanning amplitude of 
the prototype scanner was measured around 33.5º with a scanning frequency of 21591 Hz. 
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The resultant θOptD product is 67 deg·mm. 
 
 
Figure 5.19 Photograph of the laser scanning trajectory of the prototype scanner on a 
projection screen. 
 
The frequency response of the prototype scanner near its first resonating mode obtained in 
vacuum is shown in Figure 5.20. As expected, the dynamic performance of the prototype 
scanner demonstrated some level of large-deflection nonlinearity. For example, the scanning 
amplitudes were different during the forward and backward frequency sweeps, the amplitude 






Figure 5.20 Measured frequency response of the prototype scanner in vacuum at frequency 
regions near the resonant frequencies of its 1st resonating mode. 
 
By gradually increasing the driving voltages from 5 V dc bias and 10 V ac peak-to-peak 
voltages to 65 V dc bias and 130 V ac peak-to-peak voltages, the resonant frequencies at 
different scanning amplitudes were determined by recording the frequencies at which the 
forward-sweeping amplitude jumping occurred. Then those recorded frequencies are 
normalized by the smallest value. Figure 5.21 shows the comparison between the theoretical 
predictions and experimental measurements of the variations of the normalized resonant 
frequencies as a formulation of optical scan angle. The theoretical predictions were based on 
Eq. 3.53 in Section 3.4.3. It can be seen that there is a good agreement when the scanning 
amplitude is small. The error increases as the scanning amplitude increases. This is because 
only first order of the parameter “ε” was considered in the theoretical model derived in 
Section 3.4.3. The theoretical calculation accuracy could be improved with higher order of “ε” 





Figure 5.21 Comparison of theoretical and experimental measured variations of normalized 
resonant frequencies with optical scan angles. 
 
5.4.2 Optical quality of the scanned beam 
Characterization experiments to determine the scanned-beam quality and optical resolution 
were conducted in atmosphere rather than vacuum. This is to avoid the disturbance of the 
multiple-reflections brought by the uncoated thick glass plate on the vacuum chamber. 
 
The quality of the scanned-beam was measured with an in-house developed cyclic lateral 
shearing interferometer [132] and a Mach-Zehnder interferometer respectively. The cyclic 
lateral shearing interferometer is a common-path interferometer. One of the major advantages 
of using a common-path interferometer is that the obtained interferogram is capable of 
resisting external vibrations resulting in high signal-to-noise ratio. However, the information 
obtained with lateral shearing interferometers is implicit and require some computation to 
reconstruct the deformed wavefront. The Mach-Zehnder interferometer is an open-path 
interferometer. The incident light beam was separated into two beams: one is used as a 
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reference beam and the other one illuminates the surface under test. The reference beam and 
the beam under test are then combined to form an interferogram. The major advantage of 
Mach-Zehnder is that the information obtained is explicit and the deformed wavefront is easy 
to be reconstructed. However, open-path interferometers are sensitive to vibrations resulting 
in a low signal-to-noise ratio. Hence, these interferometers have higher vibration isolation 







Figure 5.22 (a) Schematic and (b) photograph showing the experimental setup to investigate 
the scanned-beam quality using an in-house developed cyclic lateral shearing interferometer. 
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The quality of the scanned-beam was firstly measured by a cyclic lateral shearing 
interferometer and the schematic illustration and photograph of the experiment setup are 
shown in Figures 5.22(a) & (b). The incident laser beam was strobed using an acousto-optic 
modulator (AOM) to produce light pulses with a full-width-half-maximum (FWHM) pulse 
duration of 25ns, which was synchronized to the driving signal to “freeze” the motion of the 
scanned beam. To shorten the response time of the AOM, the He-Ne laser beam was focused 
into the Bragg cell through a 75mm plano-convex lens. The strobed 1st order diffraction beam 
from the Bragg cell was then collimated using a 300mm plano-convex lens and directed onto 
the grating scanner with an incident angle of 71.8º. The strobed beam positions were 
controlled by adjusting the phase difference between the strobe pulses and the ac driving 
signal and brought to the same horizontal plane by rotating the rotational stage, which the 
device is mounted. The 1st order diffraction beam from the scanner was expanded to 2.5 
times of its original size using 50mm and 125mm achromatic lenses. The expanded beam was 
then directed to a cyclic lateral shearing interferometer, which is constitute of  a beam 
splitter, a fixed mirror M1 and a movable mirror M2. In the interferometer, the expanded 
beam was split into two beams traveling in opposite directions and then merged together to 
form an interference pattern, which is captured by a CCD camera. The amount of the lateral 
shearing is controlled by the movable mirror M2. A small amount of defocusing was 
introduced to the system by tuning the lenses, which are used to expand the incident beam, so 
that the lateral shearing interference pattern for an aberrationless wavefront is some straight 
fringes with uniform gaps. The number of the fringes is determined by the amount of the 





Figure 5.23 shows interferograms captured at four different regions along the scan line, 
namely at center, one-third and two-thirds of the scan amplitude and extreme position. The 
interferogram at the center of the scan line mainly reflects the static flatness of the grating 
platform at this position, as the acceleration force is zero. While the interferogram at the 
extreme position of the scan line mainly reflects the dynamic flatness as the grating platform 
experiences the maximum acceleration force at this position. As shown in Figure 5.23, there is 
no significant distortion observed in the interference patterns, which indicates the good 
quality of the scanned beam. This is because the optical interferometer is very sensitive and 
little amount of aberrations of the wavefront will severely distort the interference pattern. 
 
 
Figure 5.23 Measured interferograms of the strobed spots at four different positions of the 




The quality of the scanned-beam was also measured by an in-house developed Mach-Zehnder 
interferometer. Figures 5.24(a) & (b) show the schematic illustration and photograph of the 






Figure 5.24 (a) Schematic illustration and (b) photograph showing the experimental setup to 
investigate the scanned-beam quality using an in-house developed Mach-Zehnder 
interferometer. 
 
Similar to the experimental setup shown in Figure 5.22(a), the incident laser beam was 
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strobed using the AOM to “freeze” the motion of the scanned beam. The strobed beam was 
then collimated and directed into the Mach-Zehnder interferometer, where the collimated 
laser beam was split into 2 beams by the beam splitter B1. One beam illuminates the grating 
scanner with the incident angle of 71.8◦. The other beam, which can be treated as the 
reference beam, was reflected by the mirror M1 and expanded to 2 times of its original size 
using 50mm and 100mm achromatic lenses. Then the expanded beam was reflected by the 
mirror M2 and went through an iris to have its size regulated. After that the reference beam 
and the 1st order diffraction beam from the grating scanner were merged together by the beam 
splitter B2 to form an interference pattern and captured by a CCD camera. The reference 
beam and the 1st order diffraction beam were merged with a small angle intentionally so that 
the interference pattern for an aberrationless wavefront consists of uniform distributed straight 
fringes. The gap between the fringes is determined by the angle between the reference beam 
and the diffraction beam and larger angle will result in smaller fringe gaps. 
 
 
Figure 5.25 Measured interferograms of the strobed spots at different positions of the scan 
line using a Mach-Zehnder interferometer. 
 
Similarly, the interferograms were captured at the center, one-thirds, two-thirds and extreme 
positions of the scan line shown in Figure 5.25. The measurement again results show little 
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distortion of the interference pattern also indicating the good quality of the scanned beam at 
high speed. 
 
To measure the optical resolution, the strobed 1st order diffraction beam from the scanner was 
focused to a CCD camera using a 500mm plano-convex lens. Figures 5.26(a) & (b) show the 






Figure 5.26(a) Schematic illustration and (b) photograph showing the experimental setup to 




The captured light intensity distributions of the focal spots at different positions of the scan 
line are shown in Figure 5.27. The FWHM diameter of the focal spots was determined to be 
around 200µm along the scan direction. This indicates an optical resolution of 916 pixels 
per-unidirectional-scan when the vibratory grating scanner is operated in atmosphere. When 
the vibratory grating is operated in vacuum condition with an optical scan angle of 33.5◦, the 
optical resolution can be estimated to be 1460 pixels per-unidirectional-scan according to the 
experimentally measured spot size. 
 
 
Figure 5.27 CCD camera captured light intensity distribution of the focal spots at different 






A double-layered vibratory grating scanner driven by the 2-DOF circular resonator was 
successfully fabricated and demonstrated in this chapter. Double-layered grating scanners 
have the potential to scan at large amplitudes at high scanning speeds with large aperture 
sizes.  
 
The prototype double-layered grating scanner was fabricated using a hybrid scheme, which 
combined the bulk micromachining process and the post assembly process. The advantages of 
the hybrid scheme are the reduced complexities and difficulties of fabrication process and 
increased flexibility to the device design. The grating platform and driving actuators were 
designed and fabricated separately. They were then assembled together by a post-assembly 
process.  
 
The diffraction grating and its platform were initially fabricated using SOI wafers. Although 
the SOI wafer based fabrication process could offer precise control of the grating platform’s 
thickness, the residual stress in the BOX layer will deform the grating platform statically, 
which is not acceptable. Then an improved fabrication process based on bulk silicon wafer 
was developed to overcome this problem. 
 
The double-layered grating scanner was successfully fabricated and assembled. The prototype 
scanner with a 2mm diameter diffraction grating is able to scan at 21591Hz with an optical 
scan angle of 33.5º in vacuum. The resultant θOptD product is 67 deg·mm. Compared with 
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previously developed single-layered grating scanner driven by 2-DOF circular resonator, there 
is a 1.7 times increase of θOptD product with a similar scanning speed. 
 
The scanned beam quality was verified to be good using a cyclic lateral shearing 
interferometer and a Mach-Zehnder interferometer. The optical resolution of the scanner was 
experimentally measured to be 916 pixels per unidirectional scan while scanning in 
atmosphere. While scanning in vacuum condition, the optical resolution can be estimated to 
be 1460 pixels per-unidirectional-scan. 
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Chapter 6 Synchronized laser scanning of multiple 
MEMS diffraction gratings 
 
This chapter presents an effective method to achieve synchronized laser scanning of multiple 
beams by using MEMS diffraction gratings with resonant frequency fine-tuning mechanisms. 
Multiple gratings are actuated in-plane by a common electrostatic comb-driven resonator and 
their resonant frequencies can be fine-tuned to compensate the micromachining process errors. 
Continuous and reversible resonant frequency tuning was achieved. The resonant frequencies 
of vibratory diffraction gratings can be gradually tuned up to a few hundred Hertz with tuning 
voltages increased from 0V to 5V. Synchronized laser scanning of multiple beams was 
experimentally demonstrated using stroboscopic method. 
 
6.1 Background 
Laser scanning using a diffraction grating has the potential to achieve high scanning rate 
without optical performance degradation due to dynamic aberration, which has been proven 
experimentally in previous chapters. This is attributed to the adoption of the in-plane rotation 
of a diffraction grating instead of out-of-plane deflection of a reflective surface to scan the 
laser beam. Our reported prototype scanners have shown promise for many narrow-band laser 
scanning applications, such as monochromatic laser scanning displays. However, due to the 
dispersive grating used, they are not suitable for applications that require multiple-wavelength 
collinear scanning, such as miniaturized raster-scanning color displays, laser color printers, 
and laser cameras. For example, in miniaturized color displays, in order to scan a color image, 
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the scan lines of different wavelengths (primary colors: red, green, and blue) have to be 
essentially collinear. In other words, the red, green, and blue laser spots must be always at the 
same location and scan at the same velocity. Since a diffraction grating is a dispersive element, 
different wavelengths leave the diffraction grating at different diffraction angles and may have 
different scanning velocities. Consequently, a MEMS vibratory structure having one 
diffraction grating cannot be used for multi-wavelength collinear scanning applications such 
as color displays.  
 
To achieve multi-wavelength collinear scanning, synchronized motion of multiple gratings 
has to be realized. This can be achieved by either configuring different grating elements on a 
common platform or on multiple grating platforms with synchronized motion, as shown in 
Figure 6.1. 
 
The collinear scanning scheme using multiple grating elements on a common platform has 
been demonstrated by G. Zhou et al. in 2006, as shown in Figure 6.1(a) [41].The scheme is 
simple and easy to be implemented. However, the aperture size of each grating elements is 
limited. Although the total area of the diffraction grating platform can be increased using 
double-layered configuration, the moment of inertia of the grating platform will be increased 
significantly, which could reduce the scanning frequency and amplitudes.  
 
The multi-wavelength collinear scanning can also be realized by using multiple gratings 
configured on different platforms with synchronized in-plane rotational motion, as shown in 
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Figure 6.1 Schematic illustration of multi-wavelengths collinear scanning of laser beams 
using multiple grating elements configured on (a) a common grating platform with and (b) 
multiple grating platforms with synchronized rotational motion.  
 
The major advantage of this scheme is that adequate aperture size can be achieved for each 
grating element, resulting in higher optical efficiency and resolution. Synchronized motion 
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can be achieved by using phase-locked-loop (PLL) control, which requires integrated angular 
position sensors in the scanner and complicated control electronics. 
 
In this chapter, an effective method to achieve synchronized laser scanning of multiple beams 
using mechanically synchronized multiple gratings on different grating platform, which are 
actuated by a common driving resonator and vibrated at resonance. The vibrating amplitudes 
of each grating can be adjusted through tuning its resonant frequency by its frequency tuning 
mechanism. The mechanical synchronization scheme is based on multi-DOF resonant 
vibration system, as shown in Figure. 6.2.  
 
 
Figure 6.2 Schematic illustration of a mechanical synchronization scheme. 
 
As shown in Figure 6.2, multiple working resonators are attached to a common driving 
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resonator. The geometric dimensions of all working resonators are designed to be the same, so 
that the viscous damping difference can be ignored. When all working resonators have the 
same resonant frequencies, the multi-DOF vibration system can be reduced to a 2-DOF 
vibration system. All working resonators will vibrate at the same frequency with the same 
phase in resonance. However, due to the imperfections of the fabrication process, there are 
small deviations of suspensions among the resonators, which will cause amplitude difference 
between the resonators. This can be solved by adding a frequency tuning mechanism in each 
working resonator. This is used to compensate for the fabrication errors by tuning the stiffness 
of the resonator’s suspensions. 
 
Different reversible frequency tuning methods have been investigated in the literature, such as 
utilizing the electrostatic spring effect [133-134], localized thermal stressing effect [135] and 
mechanically stiffening effect of a torsional spring [136]. In this work, we utilize an 
electro-thermal bent-beam actuator to fine-tune the stiffness of a T-shaped flexure through 
mechanical stretching. 
 
6.2 Design and fabrication 
Figure 6.3 shows a schematic illustration of the MEMS vibratory grating scanner with two 
diffraction gratings and their integrated resonant frequencies fine-tuning mechanisms. All the 
structures have a same thickness of 80µm. The diffraction grating has a diameter of 1mm and 
grating pitch of 400nm. Each diffraction grating platform is suspended and connected to the 
substrate by four circular fold-beam suspensions with a beam width of 12µm and a beam 
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length of 500µm. Each grating platform is connected to the common electrostatic 
comb-driven lateral resonator through a connection flexural beam with a width of 23µm and a 
length of 1000µm. Two pairs of stress alleviation beams are perpendicularly connected to the 
bottom of each connection beam with a width of 6µm and a length of 300µm. The common 
resonator is suspended by 92 sets of folded beam suspensions with beam width of 8µm and 
length of 260µm. A total of 212 movable fingers are configured on one side of the common 
resonator with finger length of 105µm, width of 7µm, finger gap of 4µm and initial finger 
overlap of 50µm. 
 
 
Figure 6.3 Schematic illustration of MEMS vibratory grating scanner with two diffraction 
gratings and their integrated resonant frequencies fine-tuning mechanisms. 
 
Each grating platform is connected in turn individually to an electrothermal bent-beam tuning 
actuator through a T-shaped spring, as shown in Figure 6.4(a). In the tuning mechanism, the 
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T-shaped spring is connected to a movable block, which is suspended by four sets of folded 
beam suspensions with beam width of 8µm and length of 210µm. The position of the movable 
block is controlled by an electrothermal bent-beam actuator, which consists of 43 pairs of bent 
beams with beam width of 8µm, length of 700µm and an inclined angle of 0.6º. To minimize 
the influence of the heat generated from the electrothermal actuator, thermal isolation hole 
structures are configured on the movable block to increase the thermal resistance. The 
working principle of the T-shaped stiffness variable spring is shown in Figure 6.4(b). As 
shown in the figure, the spring consists of one main flexural beam and a pair of 
perpendicularly attached beams namely “a” and “b” respectively. While applying the tuning 
voltages, the flexure “b” will deform and the total rotational spring constant of the T-shaped 
spring changes accordingly. 
 
 
(a)                                  (b) 
Figure 6.4 Schematic illustrations of (a) the electrothermal driven resonant frequency 




The prototype scanner was fabricated using SOI micromachining technology and the process 
flow is shown in Figure 6.5. SOI wafers with 80µm thick device layer, 2µm BOX layer and 
650µm silicon substrate were adopted. As shown in Figure 6.5, two diffraction gratings with a 
period of 400nm were first patterned. Then a 1µm thick USG layer was deposited on the 
wafer’s top and patterned through a PECVD and RIE process. This was used as the hard mask 
layer for the following etching process. After that, the 650µm thick silicon substrate is etched 
through from wafer backside using a DRIE process. The etching stopped at the BOX layer. 
The 80µm thick silicon device layer was then etched through by another front side DRIE 
process. Diffraction grating platforms, suspension springs, electrostatic comb-drive actuators 
and electrothermal bent-beam actuators were formed. Next a wet etching process using BOE 
solution released all the structures. Finally, the metal pads and reflection layer on the grating 
were formed by a 2-step metal deposition process.  
 
 
Figure 6.5 Schematic illustration of the process flow fabricating the prototype scanner with 




Figure 6.6 is a microscope image showing the whole view of the fabricated scanner. Figures 
6.7 (a) & (b) show the magnified views of the common electrostatic comb-driven resonator 
with one diffraction grating and both diffraction gratings with their resonant frequencies 
fine-tuning mechanisms, respectively. 
 
 
Figure 6.6 Microscopic image showing the whole view of the fabrication prototype scanner. 
 
 
(a)                                             (b) 
Figure 6.7 SEM images of the prototype device showing (a) common electrostatic 
comb-driven resonator with one diffraction grating and (b) diffraction gratings with their 




The variation of the resonant frequency of a grating with different tuning voltages was 
measured using a He-Ne laser beam in atmosphere. The schematic of the experimental setup 
is shown in Figure 6.8.  
 
 
Figure 6.8 Schematic illustration of the experimental setup measuring the resonant frequency 
tuning capabilities. 
 
The incident angle of the laser beam was fixed at 71.8º to achieve a straight scanning 
trajectory. A projection screen was aligned perpendicularly with the 1st order diffraction beam 
when the grating is stationary and placed a certain distance from the scanner. The optical scan 
angle was obtained by measuring the length of the scanning line on the screen.  
 
Measurement result of variation of the resonant frequency of a grating with different tuning 
voltages is shown in Figure 6.9. As tuning voltages increased from 0V to 5V, the resonant 
frequency gradually decreased from 19870 Hz to 19588 Hz and the tuning range is 282 Hz. 
By design, we expect a resonant frequency increase through the spring stiffening effect. 
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However, in experiment the resonant frequency decreases with the increasing tuning voltages. 
This may be due to the initial deformation of the T-shaped spring caused by residual stress 
during the microfabrication process. In future, the influence of the residue stress can be 
compensated in the design stage. A required tuning trend and tuning range can be obtained 
through a proper design. 
 
 
Figure 6.9 Measured variations of the resonant frequency with respect to different tuning 
voltages. 
 
The synchronized laser scanning of two beams was demonstrated using the stroboscopic 
method and the schematic of the experiment setup is shown in Figure 6.10. The incident laser 
beam was strobed by the AOM with a FWHM of 25ns to “freeze” the motion of the scanned 
beam. The incident beam was focused before entering the Bragg cell to shorten the response 
time. The strobed light beam was then collimated and illuminated on the grating scanner. The 
diameter of the collimated beam was large enough to cover both diffraction gratings. 1st order 
diffraction beams from both diffraction gratings were focused by a plano-convex lens. A CCD 
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camera was placed at a small distance away from the focal plane of the focusing lens and 
aligned perpendicularly to the diffraction beam when the gratings were stationary. This 
configuration was used to separate the scanning trajectories for easy visual observation. A 
photograph of the actual setup is shown in Figure 6.11. 
 
 
Figure 6.10 Schematic illustration of the experimental setup investigating the synchronized 
laser scanning of two beams using the stroboscopic method. 
 
 
Figure 6.11 Photograph of the actual experimental setup investigating the synchronized laser 
scanning of two beams using the stroboscopic method. 
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Figures 6.12 (a) & (b) show the strobe spots from different positions of scanning trajectories 
before and after the resonant frequency fine-tuning respectively. Before frequency tuning, the 
scanning amplitudes of the two gratings were not equal because their resonant frequencies 
were different due to fabrication errors. Upon applying tuning voltages of 0V and 3.87V for 
the two tuning actuators, respectively, the scanning amplitudes were adjusted to be equal. 






Figure 6.12 Strobe spots from different positions of scanning trajectories (a) before and (b) 






Synchronized collinear scanning of beams with multiple wavelengths is desired by many 
applications, such as colored projection displays. A simple synchronization scheme based on 
mechanical resonant vibration of multi-DOF vibration system was proposed and a prototype 
scanner with two diffraction gratings was fabricated successfully. In the prototype device, two 
grating platforms were connected to a common driving resonator through single beam 
flexures. Each grating platform has its own resonant frequency tuning mechanism to 
compensate the fabrication errors. Reversible resonant frequency tuning and synchronized 
laser scanning of two beams were experimentally demonstrated using a stroboscopic method. 
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Chapter 7 Conclusion 
 
High speed laser scanning has been widely implemented in numerous applications including 
manufacturing, medicine, military hardware, information and communication systems. Many 
of these applications require both high-speed and high-resolution scanning. The electrostatic 
in-plane vibratory grating scanner, which is subject to less dynamic deformation, has been 
shown to be highly suitable for next-generation miniaturized laser scanning technology. 
However, low optical efficiency, low scanning resolution and insufficient scanning frequency 
of the initial devices did not satisfy the requirements to be used as a high performance optical 
scanner. The objective of this dissertation is to further enhance the performance of the 
micromachined high-speed vibratory grating scanner through optical design, scanner structure 
optimization and novel micromachining process development. Significant progress has been 
made during this study in improving and overcoming the initial performance limitations. 
 
Through careful design of the gratings, high optical efficiencies close to that of a coated 
mirror had been demonstrated to be possible. Using RCWA simulations, the grating period 
and grating groove depth can be optimized to achieve around 80% optical efficiency. We 
achieved experimentally verified results which demonstrated both the modeling and the 
accuracy of the fabrication process. 
 
Optimizing the mechanical design of the resonators typically would involve simplified 
analytical models or finite element simulations. For better accuracy in predicting performance, 
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the simplified models are often insufficient. On the other hand, FE modeling is too 
time-consuming in return for higher accuracy. This study established a comprehensive 
dynamic model that can take several practical factors into consideration into a single model. 
This basic framework was successfully used in all subsequent design iterations to better 
predict fabrication outcomes with reliable accuracy. 
 
Scanning performances, such as optical resolution (represented by θOptD product) and 
scanning frequency, of the vibratory grating scanners have been significantly improved, 
which is summarized in Figure 7.1. 
 
 
Figure 7.1 Summarization of the scanning performances of developed vibratory grating 
scanners. 
 
Innovative mechanical structure designs are used to improve the grating scanner’s 
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performance. Two main approaches were successfully demonstrated in this study. Using 
2-DOF resonators rather than 1-DOF resonators can assist in overcoming travel range 
limitations of the electrostatically driven comb-drive actuators. At the same time, better 
stability of the in-plane rotational motion can also be achieved. For example, the developed 
single-layered grating scanner driven by the 2-DOF LTR resonator with a 1mm diameter 
grating is capable of scanning at 20353Hz with an optical scan angle of 13.7º. The resulting 
θOptD product is 13.7 deg·mm. Compared with the previously developed grating scanner, there 
is a 70% increase in optical resolution and 1.4 times increase in scanning frequency. 
 
The other approach is to utilize a circular resonator rather than the previous lateral designs. 
This has the advantage of increasing the total stiffness of the suspensions without inducing 
excessive stress. Large in-plane rotation angles were achieved through this design. The 
prototype single-layered 2-DOF circular resonator driven grating scanner is capable of 
achieving an optical scan angle of around 25º with a 1mm diameter grating platform and the 
resultant θOptD product is 25 deg·mm. There is a 80% increase in optical resolution compared 
to the 2-DOF LTR resonator driven single-layered scanner. 
 
Generally, increasing the scanning frequency and amplitude at the same time is challenging. 
Higher scanning frequency requires stiffer suspension springs, which could introduce higher 
stress level in the flexural beams and reduce the scanning amplitude. Thus a thin grating 
platform with thick suspension springs and driving actuators is desired. A novel SMDE 
technique was developed to achieve this in a single etching step. This simple and low-cost 
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method was utilized to fabricate improved high speed vibratory grating scanners capable of 
achieving an optical scan angle of 14.1° with a scanning frequency of 50192Hz. Compared 
with the single-layered 2-DOF LTR resonator driven grating scanner, this prototype has a 1.5 
times increase in scanning frequency while keeping the same optical resolution performance. 
 
A high performance optical scanner would require large aperture and large scanning 
amplitude. Such a design consideration in single-layer grating scanners is often contradictory. 
Large grating platforms mean greater displacement is necessary at the outer resonators to 
achieve similar rotational angles. The solution proposed in this study is then to decouple them 
through separating the grating platform and the actuating resonators into a two layers. This 
novel double-layer vibratory grating scanner design fundamentally allows the aperture size 
and the scanning angle to be optimized simultaneously, paving the way for higher optical 
resolution capabilities. A prototype double-layered 2-DOF circular resonator driven grating 
scanner was successfully demonstrated. The prototype scanner is capable of achieving an 
optical scan angle of 33.5º with a 2mm diameter diffraction grating and the resultant θOptD 
product is 67 deg·mm. Compared with single-layered grating scanner driven by 2-DOF 
circular resonator, there is a 1.7 times increase in optical resolution. Grating scanner with the 
double-layered configuration has the potential to fulfill the requirements of XGA format 
(even SXGA format) through structure optimization in the future. 
 
Finally, display applications require synchronized scanning of multiple wavelengths. In the 
case of grating scanners, multiple devices would need to be synchronized. An electro-thermal 
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frequency tuning mechanism is developed as a means of mechanical synchronization. This 
mechanism was successfully demonstrated with two diffraction gratings performing 
synchronized laser scanning. 
 
In summary, grating optimization, theoretical modeling and mechanical design optimization 
had been carried out in this study to significantly enhance the performance of the vibratory 
grating optical scanner. High performance laser scanning was demonstrated to be feasible 
with several innovations.  
 
Further development can still be done to improve the scanner’s performance. For example, 
the double-layer design enables a clear platform for further progress to be made in terms of 
improving the optical resolution and the scanning frequency. Both can be further increased in 
a double-layered vibratory grating scanner by using larger diffraction gratings and thicker 
suspensions and driving actuators. This development is important on many fronts. Imaging 
applications such as a spectral imager will be able to take advantage of a larger aperture to 
increase the signal-to-noise ratio. Laser display applications will also be able to use it to 
achieve higher resolutions. Angular positioning sensors can be integrated in the future so that 
precise closed-loop control of laser scanning is feasible. Coupled with the preliminary 
synchronization study, the closed-loop control will allow applications which require multiple 
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